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Abstract
In this work we use coarse-grained molecular dynamics simulations to
investigate how lipid composition affects the phase transition of phos-
pholipid bilayers. We consider a fully hydrated membrane consist-
ing of saturated 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and cholesterol or unsaturated 1,2-dioleoyol-sn-glycero-3-phosphocholine
(DOPC). We report structural, dynamic changes occurring in the
model bilayer mixtures with varying temperature and composition.
Firstly we study the effect of cholesterol on the properties of a DPPC
bilayer. We have combined the computations of area per lipid, radial
distribution function, chain order parameter and Voronoi construction
to quantify the phase transitions, and the coarse-grained (CG) model
is found to quantitatively reproduce most of the experimental obser-
vations. Based on the changes in the structural and dynamic proper-
ties, a temperature-composition phase diagram of DPPC/cholesterol
is proposed and compared with the experiments.
‘Thread-like’ cholesterol clusters in the bilayer at high cholesterol con-
centrations are observed and the origin of this specific lateral organi-
sation is discussed. To explore the role of the CG bead size, a series
of simulations varying the cholesterol cross sectional areas were per-
formed. Parameters obtained from simulation of the different choles-
terol isomorphs provide important insight into the microscopic degrees
of freedom determining the cholesterol arrangement in the bilayer.
The results for the modified cholesterols are further discussed in rela-
tion to naturally occurring sterols.
Finally, the effect of a mono-unsaturated phospholipid (DOPC) on
the main melting phase transition is investigated. This analysis is
performed by simulating bilayer systems which were constructed by
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combining a gel phase DPPC bilayer and a fluid phase DOPC bilayer.
The visual observations of the bilayers show that the gel and fluid
phases coexist within a wide range of temperature and composition.
A temperature-composition phase diagram with phase coexistences is
proposed using the information extracted from structural and local
composition analysis.
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Chapter 1
Introduction
Our bodies work as very sophisticated and complicated machines. All living mat-
ter, including our bodies, are built up from simple and small units - cells. Cells
contain a large class of organelles which are structurally soft and complex. An
understanding of the dynamics and structure of cells was not well developed till
a long time after the first description of cells by Robert Hooke in 1665 with the
invention of the microscope [1]. It is 200 years since the importance of the cell
was proposed by Henri Dutrochet [2]. He stated that the cell was more than just
a structure; instead, the cell was a physiological unit, and everything was ulti-
mately derived from it. By now, it is clear that each cell functions differently and
contributes to all living organisms. The internal compartments of a living cell
(organelles) are surrounded by membranes, and the cell itself is also separated
from the outer environment by cell or plasma membranes (see figure 1.1). These
thin, fragile, soft and complex biological membranes act as semi-permeable bar-
riers that “control” the in- and out- flow of molecules in the cell or the internal
compartments [3]. The cell membrane is involved in maintaining the shape of the
cell and many other cell functions such cell adhesion, in endo- and exocytosis, in
signaling, etc.
Biological membranes consist of multicomponent mixtures, and include a wide
variety of lipids and proteins. The composition within the lipid membrane varies
from cell to cell (see Figure 1.2A for the mosaic model for cell membranes, Fig-
ure 1.2B shows the plasma membrane structure obtained with transmission elec-
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Figure 1.1: An example of a plant cell (root tip cell) imaged with a Transmission
Electron Microscope showing the internal compartment and the cell itself are
separated from the outer environment by plasma membranes. Imaging: A.M.
Wolters-Arts, Radboud University Nijmegen.
tron microscopy [4] and Figure 1.2C gives a snapshot of a protein immersed
bilayer from an atomistic simulation). Two of the most common lipid classes
are phospholipids and sterol lipids. Some major derivatives of phospholipids are
phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylser-
ine (PS).
Approximately 25% of the phospholipids found in human red cell membranes
are phosphatidylcholine [6]. A common example of phosphatidylcholine is shown
in figure 1.3, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) that accounts
for approximately 50% of the surfactants in the alveoli of the lungs [7]. The top
region of DPPC begins with a choline, a quaternary saturated amine, connected
to two dipalmitoyl tails of 16 carbon atoms by an electron-rich phosphate group,
a glycerol backbone and two esters (see Figure 1.3). The phosphatidylcholine
group is defined as the headgroup of the lipid, and it is zwitterionic that is it
20
Figure 1.2: (A) Cartoon of a model membrane showing the multicomponent
structure of cell membrane, picture taken from http://www.biology.arizona.edu.
(B) A transmission electron microscopy image of a membrane, which clearly show
the two leaflets of the bilayer, picture taken from reference [4]. (C) Atomistic
model of a lipid bilayer containing the a Ca2+-ATPase protein which acts as
Ca2+ pump. Picture taken from reference [5].
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Figure 1.3: Chemical structure (left) and 3D structure (right) of a DPPC
molecule.
consists a positively charged amine and a negatively charged phosphatidic acid.
This part of the lipid is hydrophilic, while the two tails are hydrophobic.
One of the most common sterols is cholesterol (see figure 1.4). Cholesterol can
reach concentrations of over 50 mol% of total lipids in mammalian cell mem-
branes [8]. It acts as an essential structural component to maintain the proper
membrane permeability and fluidity [9]. The cholesterol molecule has a rigid ring
system and a branched hydrocarbon tail which makes it hydrophobic. However,
there is also a weakly polar hydroxyl group attached on the other side of the ring
system.
Figure 1.4: The chemical structure (left) and Van der waals representation (right)
of a cholesterol molecule.
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Micelle
Lipid bilayer Vesicle
aqueous solutionaqueous solution
Figure 1.5: Illustration of a micelle, a lipid bilayer and a vesicle composed of two
lipid layers exposed to water.
As lipids have both hydrophobic and hydrophilic parts, they are known as am-
phiphilic molecules. When exposed to water, phospholipids spontaneously form
more complex structures to minimize the contact between water and their hy-
drophobic tails due to their amphiphilic nature (see figures 1.3 for the structure
of an amphiphilic molecule and figure 1.5 for some examples of self-assembled lipid
structures). This hydrophobic nature is reflected experimentally for water with
non-polar (or uncharged) molecules [10, 11, 12, 13]. As a function of water con-
tent and temperature, different aggregate structures can form (see figure 1.6). In
bilayers, lipids pack as a 2-dimensional flat sheet, where hydrophobic tails direct
inwardly and the hydrophilic headgroups align on the outside in contact with wa-
ter. Sheets of bilayers separated by bulk liquid are generally referred as lamellar
phases (L). Some non-lamellar phases also exist, including the normal hexagonal
liquid-crystalline phase (HI) and the reverse hexagonal liquid-crystalline phase
(HII). However, Lipid bilayers have been found to be the universal basis for cell
membrane structure, and therefore bilayers are commonly modelled in relevant
studies.
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Figure 1.6: Dependence of phase transitions of lipid-water mixtures on hydra-
tion and temperature. L:lamellar phases, HI :normal hexagonal liquid-crystalline
phases, HII :reverse hexagonal liquid-crystalline phases. Figure taken from refer-
ence [14]
The bilayer structure was not discovered until the 1920s [15]. Since then, the
physics, chemistry and biological function of lipid bilayers have attracted inter-
est, both from experimental and theoretical points of view. However, various
features of biological membranes remain unclear. One of the main challenges is
the description of the complex structure of real biological membranes, and an-
other challenge is to relate the functioning of the membrane to its structure and
dynamics. Therefore, simple membrane models are often chosen, both experimen-
tally and with molecular simulations. Typical model membranes are lipid bilayers
consisting of one to three types of lipids and possibly trans-membrane proteins
(see Figure 1.2C). The experimental investigation of these thin and fragile struc-
tures is not always trivial. In the past decade, with the rapid development of
24
computational hardware, atomic-level simulations have been developed as a use-
ful tool for lipid bilayer studies. Simulation models consisting of lipid, water, and
solute atoms can be simulated to a high level of detail providing information on
both the spatial organization and temporal dynamics of the system. The focus
of my thesis is the modelling and simulation of bilayer systems consisting up to
two non-water components.
Membranes are highly dynamic and characterized by distinct phases and in-
ternal fluctuating structures. Understanding the overall properties of membranes,
especially its fluid characteristics is therefore a major task. Below melting tem-
perature, lipid bilayers are classified to exist in “gel” or “So” (solid-ordered)
phases. The ordered phase involves lipids forming a two-dimensional hexago-
nal lattice with the acyl chains in a fully extended conformation. Therefore,
the movement of the lipids is restricted. For a membrane containing a single
phospholipid type, the bilayer undergoes a transition to a liquid crystalline state
after it is heated up to above the main transition temperature, “Tm”. In this
state, the lipids melt and rearrange themselves in a disordered form with both
translational and orientational disordering, which is commonly referred as “Ld”
(liquid-disordered) phase. Here, the lipid molecules are free to move around, ro-
tate, exchange positions and may undergo flip-flop across the bilayer (at a rate
of ∼ 0.01 s−1 [16]). Bilayers consisting of binary lipid mixtures are found to
show a fluid-gel phase coexistence, whereas a new phase may be formed with the
addition of non-phospholipid molecules.
Phases diagrams provide a complete understanding of the temperature and
composition dependence of lipid phase behaviour (see figure 1.7 for an example of
a phase diagram). Binary or ternary bilayer mixtures are commonly modelled in
both experiments and simulation to characterise the lipid phase behaviour. The
present understanding of membrane systems is largely based on experimental
studies, such as atomic force microscopy, differential scanning calorimetry, fluo-
rescence spectroscopy, nuclear magnetic resonance, and various scattering meth-
ods [4, 17, 18, 19, 20]. In this thesis, we aim to produce phase diagrams for the
binary bilayer mixtures based on simulation observations.
25
Figure 1.7: An example of a binary phase diagram, consisting a high Tm compo-
nent A and a low Tm component B. At low temperature, phases coexist. At high
temperature, components A and B mix completely in one uniform liquid phase.
Figure adopted from reference [21]
It is well known that cholesterol affects the bilayer structure and therefore
the bilayer phase behaviour [8, 22, 23, 24, 25]. Cholesterol molecules insert into
bilayers with their hydroxyl groups oriented toward the aqueous phase. The hy-
drophobic ring system of cholesterol is located adjacent to the acyl tails of the
phospholipids. Hydrogen bonds are formed between the hydroxyl group of choles-
terol and the polar headgroups of phospholipids. A popular umbrella model was
proposed to describe the mechanism of how cholesterol orients at the lipid bilayer.
Since cholesterol consists of a small hydrophilic headgroup and a bulky rigid hy-
drophobic tetrameric ring system, the cholesterol body needs to be shielded by the
large phospholipid polar group to avoid unfavourable interaction between water
and the hydrophobic part of cholesterol. Hence, the phospholipids and choles-
terols have to pack more tightly with increasing cholesterol content to share the
limited space under the phospholipid headgroup. Such an effect of cholesterol
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is named as a “condensing effect” [26]. The interaction between cholesterol and
phospholipid decreases the mobility of the phospholipid tails in the fluid phase.
However, the addition of cholesterol interferes with the close packing of fatty
acid tails in the So phase, and thus “washes-out” the transition to the Ld phase.
Phospholipid membranes with a high concentration of cholesterol have a fluidity
intermediate between the So and Ld phases. Hence, a new phase is suggested,
that is the liquid-ordered (Lo) phase. Phospholipids in the Lo phase have a liquid
structure in the lattice plane together with conformationally ordered acyl chains.
A distinctive Lo region in bilayer membranes which exists with a concentration of
cholesterol generally 3 to 5 times higher than the surrounding bilayer, is named
as a “lipid raft” [27]. The acyl chains of lipids within lipid rafts tend to be
more extended and therefore more tightly packed. Generally, bilayers consisting
of glycosphingolipids, cholesterol and saturated phospholipids are preferentially
incorporated into the rafts.
Figure 1.8: An example of a schematic phase diagram of a phospho-
lipid/cholesterol bilayer. Figure taken from reference [28]
Quite a few studies have been reported on phase transitions. Consensus exists
between experiments and simulations. Two possible phase diagrams supported
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by various experimental and simulation studies are shown in figure 1.8. They
are only different in the observation or not of the two-phase regions. A few ex-
perimental techniques have been employed to study the lipid-cholesterol mixture
phase behaviour. Differential scanning calorimetry studies show that the main
transitions of lipid-cholesterol mixtures broaden and the transition temperatures
decrease gradually with the addition of cholesterol [29]. The structural proper-
ties of these mixtures have been probed using neutron scattering, x-ray diffrac-
tion and nuclear magnetic resonance [30, 31, 32]. The phase diagrams based on
calorimetry and NMR spectra suggest the formation of cholesterol-rich and -poor
domains (similar to the one on the right in figure 1.8) [33]. Instead, studies using
fluorescence microscopy proposed that no domains formed in DPPC/cholesterol
systems (similar to the one on the left in figure 1.8), but liquid-liquid coexistence
occurs in three-component systems [34, 35]. A recent theoretical study present by
Almeida suggested the lack of phase coexistence above the main phase transition,
but the existence of a two-phase region below it [36]. Thus, the understanding of
DPPC/cholesterol bilayer phase behaviour is not entirely clear.
Beside the influence on phase transition, the importance and the role of the
structure of the cholesterol molecule on the bilayer structure has also been studied
extensively using atomistic molecular dynamics simulation [37, 38, 39]. The two
off-plane methyl groups (see figure 1.4) are modelled in atomistic simulations,
so the cholesterol molecule has a smooth side and a rough side. The packing of
saturated lipid chain atoms next to the smooth side of the cholesterol molecule
is found to be tighter than that next to the rough side [40]. Therefore, the
smoothness of the cholesterol molecule is important for its ordering capability [41].
The CG model of cholesterol employed in this thesis is highly coarse-grained and
the asymmetric structure of cholesterol is not introduced explicitly, which may
have a influence on the phospholipid-cholesterol interactions.
Apart from the saturated phospholipids, unsaturated phospholipids consisting
of C=C bonds are also commonly found in real bilayers. The C-C bonds involved
in the acyl chains of phospholipids can rotate freely. However, the existence of the
cis double bond in unsaturated phospholipids, such as DOPC molecules, causes
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Figure 1.9: The chemical structure of the unsaturated phospholipid DOPC, with
the unsaturated cis bonds shown in the lipid tails.
Figure 1.10: An example of a schematic phase diagram for a binary mixture lipid
bilayer.“So”: gel phase, “Ld”: liquid phase, ”So+Ld”: gel/fluid phase coexistence.
a kink in the chain (see figure 1.9). The kink in DOPC lipid chains interferes
with the packing of lipids in the crystalline state, and therefore lowers the phase
transition temperature of DOPC with respect to that of DPPC, which is fully sat-
urated. Unsaturated phospholipids are very important as they ensure that bilayer
membranes exist in the fluid phase at body temperature. Therefore, particular
attention has been paid to binary systems composed of saturated and unsatu-
rated phospholipids. When DOPC molecules are added to a DPPC bilayer, they
are considered as “impurities” and disrupt the tight gel phase structure of DPPC.
Due to the mismatch in hydrophobic tails, DOPC is somewhat immiscible with
DPPC. Experimentally, the separation of DPPC/DOPC mixtures into gel phase
domains (DPPC rich) and fluid phase domains (DOPC rich) has been observed
directly by fluorescence microscopy [42, 34]. The difference in partial concentra-
tions in the two domains is expected to be large because of the presence of the cis
double bond (see figure 1.10 for an example of a binary mixture phase diagram).
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Several phase diagrams of DPPC/DOPC bilayers were reported theoretically [43]
and experimentally (NMR [44], x-ray scattering[45, 46], fluorescence [47]. How-
ever, the phase separation of DPPC/DOPC bilayers is still lacking in information
from a simulation perspective.
The purpose of this thesis is to apply molecular dynamics simulations to bilay-
ers composed of DPPC with other surfactant components and use this model to
investigate the properties of lipids in heterogeneous bilayers. The basic question
is: how does the presence of a second component modify the phase transitions
in lipid bilayers? To answer this question my work is structured in three steps.
First we quantitatively study pure lipid bilayer phase behaviour. Secondly, we
study the impact that cholesterol has on the properties of the bilayer. Finally,
we studied the effect of other type of phospholipids on phase separation. A
secondary object is to evaluate the application of the coarse-grained models to
simulate phospholipids and cholesterol mixtures, as well as their associated phase
and structural transitions.
The thesis is structured as follows:
In chapter 2, I discuss the theoretical framework of the classical molecular dy-
namics simulation method; the concept of the MARTINI Coarse-Grained force-
field; the reasons why this force-field is selected; and the parameters used to
investigate the bilayers reported in chapters 3, 4 and 5.
In chapter 3, the coarse-grained model of the DPPC/cholesterol bilayer is de-
scribed in detail. This approach allows us to reach the time and length scales
necessary to study structural and dynamic properties of the bilayer at various
temperatures and cholesterol concentrations. The impact of cholesterol on the
lipid bilayer structure and dynamics over a wide range of concentrations and
temperatures is systemically analysed, and the simulation results are used to
construct the phase diagram of the DPPC/CHOL mixture.
In chapter 4, lipid-cholesterol interactions are examined with the MARTINI
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force-field and a modified coarse grained model of cholesterol. This chapter fo-
cuses on understanding the relationship between the CG cholesterol structure and
the ‘thread-like’ structure seen with the CG model at high cholesterol content.
We simulate the DPPC bilayer with enlarged and decreased size cholesterol-like
isomorphs to explore the role of cholesterol size in the bilayer phase transition
and cholesterol lateral organisation. Additionally, comparison of the modified
cholesterol with naturally occurring sterols is provided.
In chapter 5, the gel-fluid phase transition of DPPC/DOPC phospholipid bi-
layers is examined. The effect of DOPC and the effect of the heterogeneity of the
bilayers on the main phase transition is monitored by computing various struc-
tural parameters using asymmetric and symmetric DPPC/DOPC bilayer models.
The phase separation is investigated and a complete phase diagram is constructed
based on the simulation results.
Finally, in chapter 6, we summarise the major results obtained in this work
and provide suggestions for future work on the subject of the present thesis.
References are included in each of these chapters and the page numbers where
references are cited are given at the end of each reference.
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Chapter 2
Methodology
In this chapter, I discuss the techniques that I applied in my PhD study to
simulate and investigate model membranes. I begin by describing the theory
behind the molecular dynamics (MD) simulation approach and the coarse-grained
(CG) force-field used to model the membrane. Finally, the chapter concludes with
a section explaining the parameters employed to obtain the relevant membrane
properties.
2.1 Molecular Dynamics (MD) simulation
The goal for this thesis is to use computational techniques to understand bio-
logical membranes. There are a range of techniques that can be applied in such
studies. The choice of technique depends on the main target of the investigation
and it is influenced by the need to obtain reliable results with the available com-
puting power. Ideally, solving the time-dependent Schro¨dinger equation would
provide all thermodynamic and dynamical properties of the system. However,
the size and complexity of biological membranes makes such a solution impossi-
ble in practice. MD is a more computationally tractable technique whereby the
solution of the classical equations of motion for a set of atoms is applied instead.
The first MD simulations were performed in a system of hard core spheres by
Alder and Wainwright in the late 1950’s [1]. With the rapid development of
computer hardware and software, MD simulations have been successfully used
38
2. Methodology
x
y
z
ri(t)
N atoms
Figure 2.1: Illustration of the MD simulation approach.
to increase our understanding of phase transitions and the physical behaviour of
interfaces [2, 3].
2.1.1 The idea
MD simulation generates the trajectory of every atom in a system containing N
atoms that are assumed to behave classically interacting via a potential U , by
numerical integration of Newton’s equations of motion. The assumption based
on Newton’s laws has been proved to work reliably even for complex systems
(see [4, 5] for general references).
Consider a system with N atoms (see figure 2.1). The internal energy is defined
in terms of kinetic and potential energies,
E = K + U, (2.1)
where K is the kinetic energy,
K ≡
N∑
i=1
1
2
mivi
2, (2.2)
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mi and ri denote the atomic mass and coordinate of atom i, vi is the velocity of
particle i and t is time.
U is the potential energy which describes the intermolecular interactions. It is
defined in terms of the coordinates of individual atoms, pairs, triplets etc. It
is chosen by the simulator to reproduce the physics of the simulation system as
accurately as possible.
U =
∑
i
U1(ri) +
∑
i
∑
j>i
U2(ri, rj)+∑
i
∑
j>i
∑
k>j>i
U3(ri, rj, rk)+∑
i
∑
j>i
∑
k>j>i
∑
l>k>j>i
U4(ri, rj, rk, rl) + · · ·
(2.3)
The first term,
∑
i
U1(ri), involves only single particles, and represents the effects
of any external fields which may be acting on the system. The remaining terms in
equation 2.3 represent the effects of interparticle interactions. The second term,∑
i
∑
j>i
U2(ri, rj), which describes pair interactions is the most important one. The
pair potential is defined in term of the relative positions of atoms (rij =| ri−rj) |),
the so called pair separation. The U3 term involves triplets of molecules, i.e. the
interaction between three atoms that e.g. appears in angular interactions. Careful
choices of the first two terms have been found to be remarkably successful at
reproducing liquid properties [5].
In MD simulations, the time evolution of the system is described by Newton’s
second law,
mi
∂2ri
∂t2
= Fi ≡ −∂U
∂ri
(2.4)
where Fi is the force applied on the atom, and it is the negative derivative of the
potential energy U . Equation 2.4 cannot be solved analytically for a system with
more than two particles, so numerical methods must be applied. The equation is
solved step-by-step, with a time step δt. The choice of δt depends on the method
of solution, but it should be significantly smaller than the period of the highest
vibrational frequency of the molecule so that the structure of the molecule can be
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Figure 2.2: Schematic diagram showing an MD simulation stepwise
retained, and by extension also smaller than the time required for a molecule to
diffuse its own length. To solve the equation of motion an integrator is applied,
which given molecular positions and velocities at time t, estimates the same
quantities at time t+ δt:
ri(t)→ ri(t+ δt)→ ri(t+ 2δt)→ · · · → ri(t+Nsδt) (2.5)
where Ns is the total number of time-steps in the simulation.
If we simulate the system until it reaches the desired state as described in the
initial setting, the equilibration process of the simulation is finished and we can
then calculate the physical properties using a time average. The general scheme
of an MD simulation is shown in Figure 2.2. This simple, straightforward proce-
dure describes the “experimental steps” of an MD simulation study.
2.1.2 Integrator
Accurate numerical solutions to Newton’s equations are the key to perform com-
puter simulations. Therefore, the accurate integration of the equations is essen-
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tial, and this is achieved through the use of finite difference methods. A widely
used integrator is the so-called leap-frog [6].
The system is initially set up with ri(t = 0) and r˙i(t = −1
2
δt), so the leap-frog
algorithm calculates the positions at time δt and velocities at
1
2
δt. It updates the
positions and velocities as:
r˙i(t+
1
2
δt) = r˙i(t− 1
2
δt) +
δt
mi
Fi(t) (2.6)
ri(t+ δt) = ri(t) + δtr˙i(t+
1
2
δt) (2.7)
where Fi(t) is the force calculated at time t from the previous step. The time
step used in all of my simulations is 0.02 ps, which has been found to be the
optimum choice for the coarse-grained models [7]. It is a factor of 10 longer than
the value of 0.002 ps used for typical all-atom models [8]. The much smoother
interactions between coarse-grained molecules compared to atomistic ones make
the use of large time step in coarse-grained models possible.
For an isolated system, the total energy E and the total momentum should be
conserved. This principle is an indicator on the performance of the integrator.
The leap-frog integrator is chosen for its accuracy and efficiency [9].
2.1.3 Initial conditions
As always when solving a differential equation, we require initial conditions.
The nature of the numerical integrator requires us to have both ri(t = 0) and
r˙i(t = −1
2
δt). The initial positions are generated by adding molecules into the
simulation box. Molecules can be added to the box in random positions or in
a lattice. This can be done by using the genbox program from the GROMACS
software package or other codes which can be found available on-line or home
made. By using genbox, any solvent molecule will be removed from the simula-
tion box where the distance between any atom of the solute molecules and any
atom of the solvent molecule is less than the sum of the van der Waals radii of
both atoms [10]. Therefore, the problem of overlapping with random positions
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v
P
(v
)
Figure 2.3: An example of the Maxwell-Boltzmann velocity distribution
can be avoided. One of the common reasons that MD simulations break down is
a pathological initial condition, i.e. molecules are too close to each other, so that
huge forces are present. In this study, pre-equilibrated bilayers (available from
http://cgmartini.nl/cgmartini/) were used for the initial system set up. The bi-
layer is then solvated using a box of coarse-grained water molecules.
If the initial velocities of the molecules (v) are not available, initial velocities are
typically chosen by drawing them randomly from a Maxwell-Boltzmann distribu-
tion (see Figure 2.3), v at the chosen reference temperature T :
p(vx) =
√
m
2pikT
exp
(
mvx
2
2kT
)
(2.8)
where k is Boltzmann’s constant, 1.381×10−23JK−1.
The centre-of-mass velocity of the simulation system is removed, in order to avoid
the so-called ‘flying ice cube effect’. This is a numerical integration artefact
due to velocity rescaling, that almost all of the kinetic energy is converted into
translation or rotation of the system resulting in a system with almost no kinetic
energy associated with the intramolecular degrees of freedom [11].
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2.1.4 Force calculation
As seen in Equation 2.4, the force acting on atom i is the negative derivative of
U with respect to the position vector of atom i. The common functional forms
of pair interactions between atoms can be further divided into bonded and non-
bonded interactions, which are described in the following.
2.1.4.1 Non-bonded interactions
Non-bonded interactions are treated as pair-additive in our simulations. Both
short-range and long-range interactions contribute, where long-ranged interac-
tions fall off no faster than r−dij where d is the dimensionality. The non-bonded
interactions are computed on the basis of a neighbour list, which is set to only
update every 10 steps using a grid with a distance rlist for potential energy cal-
culation. The neighbour list contains a list of neighbours of a given atom i that
are within the cut-off distance rlist. In our simulations rlist is set to 1.2 nm,
the same as the cut-off distance of the non-bonded interactions (rcut). The non-
bonded interactions contains Lennard-Jones (LJ) and Coulomb terms, where the
LJ interactions can be further divided into repulsion and dispersion terms:
Vnon−bonded(rij) = VLJ(rij) + Vcoulomb(rij)
= 4ij
[(σij
rij
)12
−
(σij
rij
)6]
+
1
4piε0εr
qiqj
rij
(2.9)
where ij describes the depth of the potential well, and σij represents the effec-
tive diameter at which the LJ interatomic potential is zero. qi denotes the partial
charge of particle i, ε0 is the electrical permittivity of vacuum and εr represents
the relative dielectric constant.
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2.1.4.2 Bonded interactions
Bonded interactions are short-ranged. Not only pair interactions (bonds) are
included, but also 3- (angle) and 4- (dihedral angle) body interactions:
Vbonded(rij) = Vbond(rij) + Vangle(rij) + Vdihedrals(rij) (2.10)
The bond stretching between two covalently bonded atoms i and j is represented
by a harmonic potential:
Vbond(rij) =
1
2
Kbond(rij − rbond)2 (2.11)
where Kbond represent the force constant and rbond denotes the equilibrium dis-
tance where Vbond(rij) reaches its minimum value.
The angle vibration between a triplet of atoms ijk is also represented by a har-
monic potential:
Vangle(θijk) =
1
2
Kangle(θijk − θ0ijk)2 (2.12)
where the force constant is represented by Kangle and θ
0
ijk is the equilibrium angle.
The improper dihedral angle potential Vdihedral is meant to keep the planar struc-
tures of planar groups, and is represented as a harmonic potential:
Vim−d(ξijkl) = Kim−d(ξijkl − ξ0im−ijkl)2 (2.13)
where ξijkl denotes the angle between the ijk and jkl planes, ξ
0
im−ijkl represents
the equilibrium angle and Kim−d is the force constant.
More details of the bonded and non-bonded intra-molecular interactions de-
scribed by the MARTINI force-field will be given in the next section.
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2.1.5 Ensembles
MD simulations generate the dynamic information, i.e. positions and velocities.
Let us consider a system consisting of N atoms, we need to know all three com-
ponents of the velocity of each atom and all three components of the position of
each atom to characterise the system completely. However, in many MD stud-
ies, the macroscopic thermodynamic properties are the ones we are interested in,
such as temperature, pressure, and heat capacity. These are average properties
of the system and these properties do not depend on all the details of the sys-
tem. Statistical mechanics is used to connect the microscopic simulations to the
macroscopic properties.
The principle of statistical mechanics is that all possible states appear with an
equal probability. For a system, we can imagine that we have many copies of the
system and all the copies are characterised by the same set of constraints. The
copies of the system is called an ensemble. If the ergodic hypothesis is fulfilled
whereby the system can explore all possible states in phase space over a long
period of time, either time or ensemble average can be used to characterise the
system. Hence, the time averages of dynamic quantities can be connected to en-
sembles averages. Therefore, experimentally relevant information (macroscopic
thermodynamic properties) may be calculated using the data obtained from a
simulation.
Depending on the target of the MD simulation study, different thermodynamic
ensembles can be applied in the simulations, such as the micro-canonical, canon-
ical and isothermal-isobaric ensembles. A micro-canonical ensemble (NVE ) is
formed by systems isolated from surroundings, where internal energy (E), num-
ber of particles (N) and volume (V ) are constant. A canonical ensemble (NVT )
is used to represent the possible states of a system at constant temperature (T )
in contact with a heat bath. There is exchange of heat between the heat bath and
the system, so the temperature of the configurations in the trajectory fluctuates
around the temperature of the heat bath. An isothermal-isobaric ensemble NPT
describes systems in contact with a thermostat (T ) and a barostat (P ). The
system exchanges heat with the heat bath, and the volume fluctuates whiles the
system is coupled to a barostat. The total number of particles of the system is
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constant, but the system energy and volume fluctuate at thermal equilibrium.
Lipid bilayers are particularly sensitive to these constraint conditions, due to
their complicated mixing behaviour at water-lipid interfaces. There is some de-
bate about the best choice of ensemble to employ during simulations of lipid
bilayers [12, 13]. Setting up MD bilayer simulations in the NVT ensemble is
difficult since the correct box dimension is required. The NPT ensemble is a
more suitable ensemble for lipid bilayer simulations and more convenient, since
the area is unknown prior to simulation and the simulation is required to per-
form in the tensionless state. The simulation box fluctuates so that the internal
pressure couples to the external pressure. All simulations studied in this work
are conducted with the NPT ensemble. Here, the simulation box in direction
z is coupled to the barostat independently from the lateral directions x and y.
The surface tension (two interfaces in bilayer/water system) is derived from the
tangential and normal pressures:
γ = Lz(Pn − Pt) (2.14)
Lz denotes the box length in z direction, Pn is the normal pressure and Pt is the
tangential pressure. Since real bilayers in solution often attain a tensionless state,
the simulations performed here are in the tensionless state, which is achieved by
setting the normal pressure Pn (Pzz) equal to the tangential pressure Pt (Pxx +
Pyy)/2). Pij is the ij component of the pressure tensor, where Pxx and Pyy are
tangential to the bilayer, and Pzz is normal to the bilayer. More information of
the thermostat and barostat parameters employed is given in the next subsection.
2.1.6 Berendsen thermostat and barostat
Conceptually, the Berendsen thermostat/barostat works by coupling the system
to an external heat/pressure bath with a fixed reference temperature T0/pressure
P0 [14]. The deviation of the system temperature/pressure is slowly corrected to
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the reference value, as stated below:
dT
dt
=
T0 − T
τT
(2.15)
dP
dt
=
P0 − P
τP
(2.16)
where τ is the time constant for coupling. In all simulations described in this
work, τT and τP are both set to 2.0 ps respectively. Thermostat and barostat
are invoked once after every 10 integration steps. One of the advantages of the
Berendsen algorithm is the flexibility of the strength of coupling, so the coupling
time can vary depending on the purpose of simulation. But Berendsen pressure
control algorithm does not yield the exact NPT ensemble.
The temperature is calculated from the total kinetic energy (K) of the system
using the equipartition theorem,
K =
1
2
N∑
i=1
miv
2
i (t) (2.17)
1
2
NdfkT = K (2.18)
where k denotes the Boltzmann’s constant and Ndf denotes the degrees of free-
dom, defined as Ndf = 3N − 3 − Nc. 3 degrees of freedom are removed as
the three center-of-mass velocities are usually set to 0. Nc represents the num-
ber of intermolecular constraints imposed on the system. The heat flow into
or out of the system needed to reach the desired temperature, T , can be con-
trolled by rescaling the velocities of all particles with a time-dependent factor
[1 + nTC∆t
τT
{[T0/T (t − 12∆t) − 1}]1/2 every nTC steps (the derivation of the equa-
tions can be found in the GROMACS user manual [10]).
The pressure tensor P is calculated using the Clausius virial theorem:
P =
2
V
(K − Ξ) (2.19)
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where V is the box volume, K is the kinetic energy, and the virial Ξ is defined as
a cross product (the derivation of the equations can be found in the GROMACS
user manual [10]):
Ξ = −1
2
∑
i<j
rij ⊗ Fij (2.20)
The scalar pressure P is computed from the trace of the pressure tensor:
P = trace(P)/3 (2.21)
The barostat adjusts the coordinates of atoms and box vectors, and therefore
rescales the volume to reach the desired pressure, P0, according to equation 2.16.
In all the simulations performed in this work, the pressure was maintained at
1 bar using the semi-isotropic Berendsen barostat. In the case of semi-isotropic
scaling, the x and y directions are scaled isotropically, whereas the z direction is
scaled independently. The compressibility in all three directions is set to 3.0 ×
10−5 bar−1.
2.1.7 Periodic Boundary Condition
The molecular dynamics approach is still limited in the size of the system, even
with the power of high performance clusters. Periodic boundary conditions are
introduced to allow us to neglect edge effects, which allows us to study the macro-
scopic properties with the limited number of atoms. The simulation box contain-
ing N atoms is replicated in all dimensions to form an infinite lattice. Conse-
quently, as a molecule moves, its replica in each of the replicated boxes will move
identically. If the molecule leaves the box, one of its images will enter through
the opposite side. Therefore, the overall number of molecules in each box is con-
served. There is no wall at the boundaries of the box, and no surface molecules.
For standard simulation work, only the information on the molecules in the orig-
inal box is recorded.
Figure 2.4 shows a periodic system in two-dimensions, containing four particles.
As one particle, i, is moving out of the box, its images i1−8 would move in the
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L
L
Figure 2.4: Periodic boundary conditions shown in two-dimensions. The square
simulation cell at the centre is the simulation box which is replicated infinitely in
all directions.
same way, and move across the corresponding boundaries.
It is important that the simulation box is big enough so that the particles can-
not ‘sense’ the artificial symmetry of the periodic lattice. If this were not the
case, a particle would interact with its own images in the neighbouring boxes.
So the cut-off distance for force calculation is required to be less than half of the
box length (rcut < L/2). For all the simulations in this work, periodic boundary
conditions are applied in all directions.
2.1.8 Modified non-bonded and bonded interactions
The calculation of the force on each particle is the most time-consuming step of
an MD simulation. If we consider a system containing N atoms with pairwise
additive interactions, we have to consider forces on each particle contributed by
all its neighbours. The CPU time needed is proportional to N2. Fortunately,
several common techniques have been developed to speed up the simulations.
In MD simulations, forces are treated differently depending on their effective
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range, including short- and long-range. The effect of atom j on the force sensed
by a given atom i vanishes when the pair separation rij is greater than the cut-off
distance for short-range interactions, i.e. Lennard-Jones pair interaction. The
error incurred by ignoring the interactions at larger distance (greater than rcut)
can be made to be very small by choosing a relatively large rcut. In many cases,
long-range forces are crucial and must be considered, including Coulomb inter-
action between charged ions (∼ r−1), dipole-dipole interactions between polar
particles (∼ r−3) and van der Waals attractions between atoms (∼ r−6). Two
other computational techniques are adopted to reduce the complexity of the cal-
culation of short-range forces.
Minimum image convention: Combined with the usage of periodic boundary
conditions, an atom will only interact with the nearest atom or image in the pe-
riodic array. For example, as shown in Figure 2.5, atom i interacts with l, 2j and
8k.
Truncation: The Lennard-Jones potential is ‘switched’ to 0 when two atoms are
separated further than rcut. But this sudden truncation can cause large numerical
errors in the integration step (discontinuity in the derivative). In GROMACS, a
shift function is introduced to replace the standard non-bonded potentials, and
much smaller error is produced.
After introducing a smooth function S(rij), the Lennard-Jones force function
Fα(rij) can be re-written:
Fs(rij) = Fα(rij) rij < r1
= Fα(rij) + S(rij) r1 ≤ rij < rcut
= 0 rcut ≤ rij
(2.22)
For all the simulations in this work, a standard shift function of GROMACS is
applied to the Lennard-Jones potential function so that the forces decay smoothly
to zero between 0.9 and 1.2 nm.
However, long-range forces cannot be treated in the same way. Simply apply-
ing a ‘shifted’ function can cause serious problems, as the long-range potential
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i j
k
l
Figure 2.5: The minimum image convention shown in two-dimensions.
energy decays slower than r−3. In MD simulations, long-range forces are split
into two contributions: a short-ranged part and a smooth, field-like long-ranged
part. There are two common methods which can be used to tackle the problem of
the long-range forces, the Ewald sum and the reaction field method (see [2, 3] for
details). The MARTINI force-field applied in this work has been parametrised
with short range shifted electrostatic interactions. Here, the long range part of
the coulombic interactions was eliminated in a similar way, by shifting the forces
throughout the whole distance interval, 0 nm and 1.2 nm. Coulombic interac-
tion are screened with a uniform relative dielectric constant εr = 15. Hence,
the interaction between the charged particle i and other charged particles which
are further than rcut, is negligible. The electrostatic potential is shifted in this
manner in order to mimic the effect of a distance-dependent screening.
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2.2 MARTINI Coarse-Grained Force-field
Over the last few decades, several models of lipids have been developed at atom-
istic level that are able to reproduce experimental structural and dynamic data [15,
16, 17, 18, 19, 20]. Although atomistic models have been widely used to study
a wide range of bilayer properties such as self-diffusion [21], impact of choles-
terol [22, 23], lateral pressure profile [24, 25, 26] and transient ordered domain
formation [27], the efficiency of atomistic level simulation is still limited by the
computational cost (restricted to a few thousand lipid for up to a few hundred
nanosecond). The study of large time- and size-scale phenomena (such as lipid
domain formation and membrane-protein interactions), which is critical in many
bilayer simulations, is not practical with atomistic models. A pre-assembled
configuration is also compulsory for atomistic simulation studies. Otherwise,
the bilayer cannot form spontaneously within the achievable time-scale by us-
ing atomistic models. A possible solution is the use of simpler, coarse-grained
(CG) models. Instead of describing all the atoms within the molecules, atoms
are grouped together and assigned to several pseudo-atoms in order to reduce
the number of interactions that need to be calculated. Hence, the overall CPU
time required can be lowered significantly (depending on the degree of coarse-
graining), and large time/size scales are achievable (several thousands of lipids
for several microseconds). Many coarse-grained force-fields have been developed
([28, 29, 30, 31, 32, 33, 34, 35]). The precise site-site interactions differ in every
model, but in all cases there is a reduction from around 50 atomic sites to around
10 supersites for phospholipid molecules. In this study, we use a simple, efficient,
and reliable CG model named MARTINI [31].
The MARTINI force-field is a commonly used force-field for biological systems
available within the GROMACS package. The MARTINI force-field is currently
able to model phospholipids, cholesterol, polymers, amino acids and some sol-
vents (e.g. water, dodecane, octanol and benzene). Its performance has been
tested extensively and provides good agreement compared with experimental re-
sults, including structural (liquid densities [31], area per lipid [31]), elastic (bend-
ing modulus [31]), dynamic properties (diffusion [31]) and thermodynamic phase
transition temperature [36, 7]). In the following part of this section, I will de-
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Figure 2.6: Figure taken from reference [31], shows the mapping between the real
chemical structure and the CG sites for a few common molecules. The labels
correspond to the types and subtypes the CG sites assigned to.
scribe the principles of the MARTINI CG force-field.
2.2.1 Atom type and interactions
The MARTINI model is based on a 4-to-1 mapping strategy. Every four atoms
in the atomistic description are replaced by a single site in the MARTINI system.
Exceptions are made with ring-like molecules, such as cholesterol, benzene and
several amino acids, where the 4 to 1 mapping is found to be too coarse, and a
2 or 3 to 1 mapping strategy is employed instead. The CG sites are classified
by their electrostatic nature, and are termed either: polar (P), non-polar (N),
apolar (C), or charged (Q). For ring-like particles, a special pre-fix ‘S’ is applied
to denote the ring nature. Each particle type is further divided with a number
of subtypes to provide a more accurate description of the nature of the atomic
structure. Subtypes are distinguished either by the hydrogen bonding capabili-
ties (d=donor, a=acceptor, da=both, 0=none), or by the degree of polarity (from
1=low polarity, to 5=high polarity). Each CG site has a common mass of 72 amu
(four water molecules), except for ring particles where m = 45 amu. Some typical
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MARTINI CG models with assigned type and subtype are shown in Figure 2.6.
For the molecules investigated in this work, DPPC is converted into 12 CG beads
(phosphate group: Qa, choline group: Qo, glycerol ester: Na, lipid tails: C1),
cholesterol is represented by 8 beads (polar -OH group: SP1, sterol ring: SC,
short tail: C1), and each CG water (P4) site stands for four water molecules.
Figure 2.7 shows a comparison of all-atom molecules and coarse-grained ones
with the names of the CG beads, as well as an example of DPPC/CHOL mixture
bilayer.
DPPC
NC3
PO4
GL1GL2
C1AC1B
C2B
C3B
C4B
C3A
C2A
C4A
WaterCholesterol
ROH
R2
R4
R1
R3
R5
C1
C2
(A) (B)
Figure 2.7: (A)Coarse grained molecular models employed on DPPC, Cholesterol
and water molecules. Topologies of DPPC and cholesterol are given in table 2.2
and 2.1. (B)An example of a simulated bilayer
Interactions between CG sites still fall into two main categories: non-bonded and
bonded interactions.
2.2.1.1 Non-bonded interactions
The truncated and shifted Lennard-Jones potential VLJ is used here to describe
the non-bonded interactions with reduced complexity of calculation. It consists
of both repulsive and attractive terms. As shown in figure 2.8 as particles ap-
proach each other from infinite separation, the attractive forces initially dominate
until the atom reaches the equilibrium distance (req), where the Lennard-Jones
potential attains its minimum value (equal to −εij). The repulsive force become
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Figure 2.8: Plot of the Lennard-Jones potential for two H2O molecules, with εij
= 1.08 ×10−21J and req = 0.32 ×10−9m
more pronounced from this point, and the potential reaches zero at rij = σeff .
VLJ(rij) = 4εij
[(σij
rij
)12
−
(σij
rij
)6]
(2.23)
The same effective size σeff=0.47 nm is used for all interaction pairs. The
interaction strengths ij are categorised into 10 levels according to the interaction
sites, including: O, 5.6 kJ/mol; I, 5.0 kJ/mol; II, 4.5 kJ/mol; III, 4.0 kJ/mol; IV,
3.5 kJ/mol; V, 3.1 kJ/mol; VI, 2.7 kJ/mol; VII, 2.3 kJ/mol; VIII, 2.0 kJ/mol;
and IX, 2.0 kJ/mol. Exceptions are made for three groups of particles.
1. Ring particles: the special particle set, ‘S’, is introduced to model ring struc-
tures (e.g. the cholesterol molecules investigated in this thesis). In this special
set, a few modifications are made to reflect the structure as accurately as possible.
σeff is reduced to 0.43 nm and the interactions between ring-ring particles are
scaled to 75% of their original values, so that the ring particles can pack more
closely without freezing. Within the ring systems, intermolecular LJ potentials
are excluded. (for details of the information of the cholesterol CG model, see
table 2.1).
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2. The antifreeze particles: one particular problem for CG water is that it can
transform to a solid state rapidly once a nucleation site is formed. The freezing
temperature of CG water (280-300 K [31]) is usually higher than for explicit wa-
ter. Therefore a group is introduced to prevent the unwanted freezing of water by
disturbing the lattice packing of the CG water. The effective size of this group is
increased to 0.57 nm from 0.47 nm. To avoid phase separation of the antifreeze
particles (BP4) and normal CG water particles (P4), the interaction strength be-
tween BP4 and P4 is raised to ‘O’ level (5.6 kJ/mol) from ‘I’ level (5.0 kJ/mol).
The rest of the interactions between the antifreeze particles and other particles
remain the same as for the normal CG water particles. No freezing of water was
observed in the simulations as low as 285 K, so no antifreeze particles were used
for the simulations at and above 285 K. A small number of antifreeze particles
(nAF = 0.05) were involved in the systems below 285 K.
3. For the interactions between charged (Q-type) and the most apolar types
(C1 and C2): σeff is scaled up to 0.62 nm. This ensures the charged particles
keep their hydration shells in the apolar solvent.
Interactions between charged groups (Q-type) are described by a shifted Coulom-
bic potential function (see Figure 2.9 for an example of a Coulombic potential
function).
Vel(rij) =
1
4piε0εr
qiqj
rij
(2.24)
A relative dielectric constant of 15 was set in the MARTINI force-field, the role
of dielectric constant in MARTINI force-field was discussed in the previous sec-
tion 2.1.7.
2.2.1.2 Bonded interactions
The interactions between chemically connected CG sites are described by poten-
tial functions that depend on bond distance, bond angle, dihedral and improper
dihedral angles.
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rij
V
el
(r i
j)
Figure 2.9: An example plot of Coulombic potential function for a pair of atoms
with the same charge sign.
Bond stretching is represented by a harmonic potential:
Vbond(rij) =
1
2
Kbond(rij − rbond)2 (2.25)
The force constant, Kbond, is a constant with a value of 1250 kJ mol
−1nm−2, and
the equilibrium distance rbond is set to 0.47 nm. Non bonded interactions are not
calculated for bonded sites.
A weak harmonic potential is used to achieve chain stiffness:
Vangle(θijk) =
1
2
Kangle(cos(θijk)− cos(θ0ijk))2 (2.26)
Vangle describes the chain stiffness. LJ interactions are included between particle
i and its second nearest neighbours k. For aliphatic chains, the force constant
Kangle is 25 kJ mol
−1 with the equilibrium angle θbond= 180 ◦. The value of Kangle
is increased to 45 kJ mol−1 and θbond is set to 120 ◦ for the description of cis-double
bonds, whereas Kangle = 45 kJ mol
−1 and θbond= 180 ◦ are used for trans-double
bonds.
To preserve the rigidity of the ring structures, and to avoid fast oscillations due
to the very high force constants, bonds and angles are partially replaced by an
appropriate set of constraints using the LINCS algorithm. The LINCS is a Linear
Constraint Solver for Molecular Simulations. It resets bonds to their correct
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ξ
V
im
−d
Figure 2.10: A example plot of improper dihedral potential
lengths after an unconstrained update [37].
The improper dihedral angle potential Vdihedral is used to prevent out of plane
distortions of planar groups (see Figure 2.10). In the case of the simulations of
this work, only cholesterol molecules are described with the improper dihedral
angle potential. It is represented as a harmonic potential:
Vim−d(ξijkl) = Kim−d(ξijkl − ξ0im−ijkl)2 (2.27)
where ξijkl denotes the angle between the ijk and jkl planes and ξ
0
im−ijkl repre-
sents the equilibrium angle. Kim−d is the force constant, values of Kim−d for each
improper dihedral angle with in CG cholesterol molecule are given in table 2.1.
2.2.2 Interpretation of Time Scale
The time scale of CG simulations cannot be compared with that of atomistic
simulations directly. The dynamics of CG atoms are generally much faster due to
the smoother underlying energy landscape, but a general scaling factor is investi-
gated in various simulation systems. It has been found empirically that applying
a scaling factor of 4 can reproduce experimental quantities well [31]. 4 is the
speed up factor of CG water compared to real water in diffusional dynamics. But
this empirical factor was not applied in calculating the data obtained in this thesis.
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2.3 Analysis
Several order parameters are employed in this work in order to investigate the
properties of the bilayers. I will describe below the general quantitative param-
eters used through the thesis; some more specific analysis for particular studies
are given within the Results section.
2.3.1 Area per molecule
The area per molecule is one of the most common parameters used to monitor
structural changes in bilayers. A clear, discontinuous change in area should be
observed for a first-order phase transition. In single-component systems, it is a
straightforward procedure to calculate the area per molecule, which can be de-
fined as A = (Lx × Ly)/N (N is the total number of molecules per monolayer
and Lx × Ly is the cross sectional area of the simulation box). However, things
are more complicated with multi-component systems, e.g. with the cholesterol
containing bilayers in this thesis. The commonly reported area per molecule is
calculated by dividing the cross-sectional area over the total number of lipids, re-
gardless of type. The resulting area would be the average area per lipid, but not
the specific area for every species. Here the Voronoi tessellation method [38] is
employed which allows us to compute the specific area for each type of molecule.
The voronoi tessellation method is a powerful approach to resolve the structural
organization of the bilayer. It has been used extensively to interpret various bi-
ological systems, such as the bilayer structure around proteins [39] and in ionic
solutions at low concentrations [40]. Given a set of n points, the space is sub-
divided into n polygons for each point after applying the Voronoi algorithm.
Hence, the specific area per molecule can be obtained by calculating the area of
the polygon occupied by each molecule. There are a few steps to construct a
Voronoi diagram (see Figure 2.11):
1. Start with two points that next to each other.
2. Draw the perpendicular bisector of the segment that joins these two points,
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Figure 2.11: Illustration of how Voronoi diagram is constructed step-by-step.
which is a Voronoi edge.
3. Add a third point and repeat previous step for every two points.
4. Remove each section of the Voronoi edges that violate the equidistant rule.
The Voronoi vertex is the point equidistant to three points. For every extra point
added, the same method described above is repeated.
In this work, the phospholipids DPPC and DOPC, and cholesterol molecules
are involved in the bilayers that needed to be analysed. The bilayers are first
split into the upper and lower monolayers according to the sign of the vector
between head and tail groups (phospholipid: PO4 and C2A; Cholesterol: ROH
and C2). The head groups of the phospholipids and the cholesterol are projected
onto the xy plane (see Figure 2.12A). A two dimensional Voronoi construction
for each monolayer is then performed to determine, for each head group, that
region of the monolayer that is nearer to that head group than any other (see
Figure 2.12B). The area of each molecule is then taken to be the area of its
enclosing polygon. The resulting area per phospholipid/cholesterol is taken as
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an average through all polygons in both monolayers. The code employed in this
work is based on the open source code Qhull (http://www.qhull.org) and it was
kindly provided by Dr Anders Lervik.
A B
Figure 2.12: (A)The head group beads of phospholipid (PO4) from a single leaflet
are projected onto a 2D plane as black dots, (B) The Voronoi diagram of the same
head groups and the corresponding polygon is defined with blue lines.
2.3.2 Chain order parameter
Phospholipids contain long carbon chains, the orientation of which can vary with
the thermodynamic state. These aliphatic chains are much less well-ordered above
the melting temperature of the lipids. The presence of cholesterol is a further in-
fluence on the structure of the chain. Cholesterol induces conformational changes
in the lipid chains. Such a change in chain ordering can be monitored by com-
puting a chain order parameter, Schain. It measures the orientation of each con-
secutive bond with respect to the bilayer normal (Sbond). By averaging the Sbond
values of all the bonds vectors within the lipid tails, the chain order parameter
Schain is obtained:
Sbond =
1
2
(3〈cos2 θ〉 − 1) (2.28)
Schain = 〈Sbond〉 (2.29)
where θ is the angle between the bond vector and bilayer normal (z − axis here,
see Figure 2.13 for the visual representation). The angular brackets denote a time
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average used for calculation (Schain values reported in this thesis were averaged
over 100 configurations taken from the last 100 ns of the microsecond long sim-
ulation trajectories) and also over all CG sites in tails. Schain is 1 when there is
perfect alignment of the bonds with the bilayer normal. A value of zero indicates
a completely random bond orientation and a lipid tail that is perpendicular to the
bilayer normal results in a value of -0.5 [41]. In experiments, the chain ordering is
usually measured using deuterium NMR which measures the angle between the
bilayer normal and the carbon-deuterium bond and gives the order parameter
SCD. Therefore, the order parameters S achieved from simulations and experi-
ments cannot be compared directly. However, the order parameters are related
as Schain = −2SCD to a good approximation that makes the comparison with
deuterium NMR results possible.
Figure 2.13: Representation of the observation of order parameter Schain. The
observed bond vector is tilted at an angle α with respect to the bilayer normal
(z-axis).
2.3.3 Radial distribution function
2-dimensional radial distribution functions (RDF) are used to quantify the long
range correlations in the bilayer plane. For the correlation between group A and
B, the RDF is described as:
gAB(r) =
〈ρB(r)〉
〈ρB〉 =
1
〈ρB〉
1
NA
NA∑
i∈A
NB∑
i∈B
δ(rij − r)
4pir2
(2.30)
where 〈ρB(r)〉 denotes the particle density of group B particles at a distance r
from A; 〈ρB〉 is the average number density of B particles; rij is the distance
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between individual A-B pairs. RDFs are a convenient tool to show the difference
in translational ordering between gel (longer and stronger correlations) and fluid
(weak correlations at long range) phases. The middle CG sites of the phospholipid
chains, C2A and C2B, were selected to compute the RDFs [42], which provide a
clearer view of the packing structure of the phospholipids on the bilayer plane.
2.3.4 Lateral diffusion coefficient
Apart from the structural parameters, dynamic properties are also of interest in
understanding the bilayers. The lateral diffusion coefficients, D, of each type of
lipid are computed using the Einstein relation.
〈∆r(t)2〉 = 1
N
N∑
i=1
{ri(t)− ri(0)}2 (2.31)
〈∆r(t)2〉 = 4Dtα (2.32)
D = lim
t→∞
1
4t
〈∆r(t)2〉 (2.33)
where the brackets 〈〉 represents an ensemble average over molecules and time-
origins; 〈∆r(t)2〉 is the average mean squared displacement of the lipids at time
t. The value of α indicates whether the normal diffusion is observed. In normal
diffusion processes, the mean squared displacement is found to be a linear func-
tion of time i.e. α = 1 (see equation 2.33). Super-diffusion and sub-diffusion are
defined as diffusion processes with non-linear relationship to time, with α > 1
and < 1 respectively. For a large system such as the bilayers in this study, the
movement of the system’s center of mass has to be subtracted to avoid overes-
timation in the mean square displacement and misinterpreting in the resulting
diffusion coefficient [43].
In this work, all lateral diffusion coefficients reported were computed from the
regime with normal diffusion behaviour (see Figure 2.14A as an example). In
this work, 5000 configurations across 500 ns simulation time were employed to
perform the calculation over all lipid molecules.
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Figure 2.14: Example plots of MSD vs. time showing the diffusion of DPPC lipids
within a fully hydrated pure DPPC bilayer in gel phase at 285 K (A) and fluid
phase at 315 K (B). The dashed and dotted lines are the fittings corresponding
to different diffusion behaviours with different α values. In gel phase, only sub-
diffusion behaviour is achieved within the time-scale, while normal diffusion is
seen in fluid phase.
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Chapter 3
Phase behavior of
DPPC/Cholesterol mixtures
In this chapter we present a CG-MD simulation study of a saturated DPPC
phospholipid bilayer containing cholesterol. The properties studied are the area
per lipid, chain order parameters, radial distribution function, lateral packing and
diffusion coefficient. Most of the experimental effects of cholesterol on these prop-
erties and the phase diagrams are reproduced qualitatively in this work. Based on
the results of structural and dynamics properties we propose a DPPC/cholesterol
temperature-composition phase diagram, which we compare with the experimen-
tal and computational phase diagrams. The work detailed in this chapter has
been published as [1]:
Y. Zhang, A. Lervik, J. Seddon and F. Bresme, “A coarse-grained molecular
dynamics investigation of the phase behavior of DPPC/cholesterol mixtures”,
Chemistry and Physics of Lipids, 2014, in press
doi: 10.1016/j.chemphyslip.2014.07.011
3.1 Introduction
Cell membranes are primarily composed of a phospholipid bilayer. A large array
of other components including proteins, carbohydrates and sterols can be em-
bedded within cell membranes. In animal cells, cholesterol is one of the major
73
3. Phase behavior of DPPC/Cholesterol mixtures
non-lipidic constituents. It plays a predominant role in membrane functions, and
can make up almost half of the membrane. Despite being discovered in 1769
by Franc.ois Poulletier de la Salle [2], efforts to understand cholesterol at the
atomic level have only taken place in the last few decades. Recent experimental
and simulation studies have shown the strong influence on membrane properties
the addition of cholesterol has. Nevertheless, recent investigations on bending
modulus of cholesterol containing lipid bilayers reveals the fact that lipid com-
position is another factor in such a perturbation [3]. The conclusion has been
made that cholesterol perturbs the lipid membrane non-universally. Cholesterol
has been shown to influence the bulk biophysical properties of phospholipid mem-
branes [4, 5, 6], such as the membrane fluidity and permeability [7, 8]. With an
increased amount of cholesterol present in lipid membrane, a cholesterol-rich do-
main, named a ‘lipid raft’ (discussed in chapter 1), is suggested [9, 10, 11].
In this work, we are interested in the phase behaviour of bilayers mainly con-
structed with DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) phospholipids.
DPPC has a relatively high transition temperature of 41.2 ◦C[12, 13] and under-
goes a well-defined gel-fluid phase transition. The general features of different
phases have been discussed in chapter 1 and will be used to distinguish the
phase transition. When cholesterol is introduced, the phase behaviour of the
lipid membrane becomes much more complex. Cholesterol intercalates between
the DPPC molecules and restrains the flexibility of surrounding phospholipids.
As a consequence, a new thermodynamically stable state between the ‘So’ (solid-
ordered) and ‘Ld’ (liquid-disordered) is formed, named the ‘Lo’ (liquid-ordered)
phase proposed by Ipsen et al. in 1987 [14]. The new phase is characterized by
an intermediate translational and conformational order between that of the gel
phase and fluid phase.
The effect of cholesterol on membrane properties, including structural and dy-
namic properties, has been studied extensively experimentally in the past decades [15].
The phase behaviour of the phospholipid/cholesterol bilayer has been investigated
using different approaches; calorimetry (DSC) [16], NMR [17] and X-ray scatter-
ing [13]. DSC can be used to investigate the phase transition by reporting the
sudden enthalpy change within the system. NMR on the other hand is a very
useful technique to probe the conformational properties of the lipid chains, while
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the bilayer thickness, area per lipid and density profiles can be easily extracted
from X-ray scattering studies. These techniques focus on different parameters and
it is not straightforward to compare the phase diagrams obtained from different
techniques, especially between experimental and simulation studies. A strong
modification of the phase transition has been observed upon addition of 25 mol%
cholesterol [18, 19, 20], with the formation of the ‘Lo’ phase at high concentra-
tions of cholesterol. With the rapid development of computational techniques,
simulation provides another powerful approach to gain a microscopic insight on
the nature of lipid bilayer phase transitions with the possibility of extending these
studies to extreme conditions, i.e. very high pressure and temperature. There is a
good agreement between simulation and experiment for bilayers with either very
low or high contents of cholesterol [18, 19, 20, 21, 22, 23, 24]. It has been found
that the bilayer remains in the gel phase with the addition of a small amount of
cholesterol, whereas a pure Lo phase is observed in cholesterol rich (xchol ≥ 0.4)
lipid bilayers [18]. Contradictory conclusions in bilayers with intermediate con-
centrations of cholesterol have been reported, and so this topic is still the focus
of great debate.
Some simulation work using coarse-grained models have revealed phase coexis-
tence both below (So/Lo) and above (Ld/Lo) the main transition temperature
of the DPPC [21], whereas some other studies based on fully atomistic models
report only single phases [20]. The situation with experiments remains unclear
as well. Veatch et al. [25, 26] indicated the formation of phase coexistence in
ternary mixtures, but not with binary mixtures. In contrast, studies based on
calorimetric, NMR and electron double resonance techniques found the existence
of cholesterol-rich and cholesterol-free domains, which is consistent with some
simulation studies [27, 4, 28].
It is clear that it is not fully understood how DPPC/Cholesterol bilayers respond
to temperature and addition of cholesterol. Neither the nature of transitions nor
the roles of cholesterol are entirely obvious. Because the phase diagram pro-
vides information on the properties of bilayers, an understanding of the phase
behaviour is important for those interested in membrane functions.
Historically, atomistic simulation studies on lipid phase transitions have been full
of difficulties due to the large length and time scales required to probe such phe-
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nomena, usually several thousand of lipids and tens of microseconds. Here, the
work on DPPC/CHOL mixtures in this chapter is based on the MARTINI [29]
coarse-grained (CG) forcefield, which was developed to allow simulations of larger
length and time scales. In this chapter, a systematic analysis of the impact of
cholesterol on lipid bilayer structural and dynamical properties over a wide range
of temperatures is presented. This work demonstrates the success of applica-
tion of the MARTINI force field, with the construction of the DPPC/CHOL
temperature-composition phase diagram.
We begin this chapter by describing the Methods applied and the Results ob-
tained to identify different phases. A complete DPPC/CHOL phase diagram is
then proposed and discussed.
3.2 Simulation Methods
3.2.1 Force-field and simulation details
As mentioned in the Introduction section, classical all-atom/united-atom molecu-
lar simulations are not ideal for the study of lipid membrane phase behaviour. In-
stead, the standard MARTINI CG model with MARTINI 2.0 force field is used in
all the simulations reported in this chapter, including DPPC, cholesterol and wa-
ter molecules. The initial configurations of DPPC (T = 325K) and DPPC/CHOL
(T = 300K, xchol = 0.3) bilayers were taken from the simulation work of Marrink
and co-workers [29] (available on-line at: http://md.chem.rug.nl/cgmartini/),
which contain about 100 lipids only. We then replicated the pure DPPC bilayer
in the xy dimensions and achieved a configuration with 2048 DPPC molecules
and 32000 water pseudo-molecules, corresponding to 62.5 water molecules per
lipid for full hydration (30.1/12.6 water molecules/lipid at 325K/293K are re-
quired for fully hydration) [30]. The DPPC/CHOL (xchol = 0.3) bilayer was
replicated to obtain a large bilayer consisting of 2032 DPPC and 1024 choles-
terols. The bilayer was solvated with over 30000 water pseudo-molecules. Con-
figurations with different concentrations of cholesterol (xchol = 0.2 − 0.5) were
achieved by randomly removing the appropriate number of DPPC or cholesterol
76
3. Phase behavior of DPPC/Cholesterol mixtures
molecules from both monolayers. The resulting two monolayers were constructed
with the same composition and given a typical simulation box in dimensions of
{Lx, Ly, Lz} = {25, 25, 10} nm with 4 × 104 particles including ≈ 2000 DPPC
molecules.
All the simulations were performed at constant temperature. The temperatures
of the lipids (including DPPC and cholesterol) and water were maintained sep-
arately by Berendsen thermostats [31] with a 2.0 ps time constant. For the
investigation of membrane phase behaviour, systems were simulated at a range of
temperatures from 283 K to 323 K (285 K - 325 K for the pure DPPC bilayer) with
10 K intervals. The Berendsen barostat [31] was used for pressure coupling with
a time constant of 2.0 ps. Compressibility was set to 3.0× 10−5 bar−1 in the x/y
and z directions, whereas pressure was maintained at 1 bar semi-isotropically
in all directions. Therefore, all the simulations are at the physically relevant
tensionless state. The equations of motion were integrated using the leap-frog al-
gorithm, with a time step of 20 fs. Periodic boundary conditions were applied in
all directions. All the simulations were performed using the GROMACS software
package (version 4.5) [32].
Standard interaction parameters for particle diameter, interaction strength and
charges were applied, which have been optimized for the MARTINI CG model [29].
Details of the description of these parameters can be found in Chapter 2).
After the energy minimization of the initial configuration, bilayers were equi-
librated and simulated for up to 10 µs at low temperature (285 K/283 K).
The final configurations at low temperature were used as the starting config-
urations for higher temperature runs. To monitor the liquid-gel phase transi-
tion (xchol = 0, 0.2), the final configurations of the highest temperature runs
(325 K/323 K) were cooled down back to low temperature (285 K/283 K) in
10 K increments. The trajectories were saved every 5000 steps (0.1 ns). The first
few µs in the trajectory was discarded and used as a pre-equilibration phase.
3.2.2 Analysis
In order to investigate the lipid coordination number and define the gel phase, a
Voronoi analysis was performed on two of the central beads in the acyl chains of
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DPPC (C2A/C2B). The neighbours of these C2 beads can be then identified. In
typical solid phase, lipids should be hexagonally packed (six neighbours). In the
case of lattice defects, five and seven-fold coordination would be observed. The
following criterion developed by Marrink [33] was employed: A tail is considered
to be in an ordered phase if the C2A/C2B site of the tail has exactly six neighbours
and at least five of these six neighbours lie within a distance smaller than 0.75 nm.
The cut off distance 0.75 nm is the distance of the first minimum of the radial
distribution function of the C2A/C2B beads in the solid phase. For bilayers
containing cholesterol, the R3 site was instead used as it lies in approximately
the same xy plane as C2A/C2B (see figure 3.1, full description of the CG DPPC
and cholesterol molecular models is given in chapter 2 section 2.2.1). We used
this criterion to calculate the percentage of hexagonal packing at each state and
to monitor the gel/liquid phase formation process.
Figure 3.1: Snapshots showing the vertical positions C2A/C2B and R3 sites.
C2A/C2B sites and R3 sites are found to lie in the same xy plane, as seen from
a side view (A) and a top view (B). C2A/C2B site: cyan, R3: red.
3.3 Results and discussion
3.3.1 Phase transition in pure DPPC bilayers
The gel-fluid phase transition of pure DPPC bilayers has been studied extensively
using both experiments and simulations. The main phase transition temperature
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has been reported at 41.2 ◦C [12, 13]. A sharp transition should be observed as the
solid phase (So) melts and gives a disordered liquid structure (Ld). Simulations
with the MARTINI force field have also been proven to reproduce the So → Ld
transition in previous studies [33].
3.3.1.1 Gel formation
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Figure 3.2: (A)Evolution of the cross-sectional area of the simulation box (black)
and potential energy (red) at 285 K. (B)Number of ordered C2 beads defined
using the criterion discussed in section 3.2.2 is plotted as a function of time.
We started the analysis by checking the equilibration state of the low tem-
perature DPPC bilayer (So). Figure 3.2A shows the time evolution of the cross-
sectional area of the simulation box and the potential energy for DPPC bilayer
at 285 K. At this temperature, the system reaches its thermodynamically stable
state after ≈ 8 µs. However, the bilayer is not still fully ordered at the end of
our simulation time (see in Figure 3.3). We can still see some defects after 10 µs
simulation time. Figure 3.3 shows the time evolution of the pure DPPC bilayer
simulation quenched from 325 K to 285 K. Within the first 100 ns, C2 beads
quickly rearrange and give six-fold coordination (see Figure 3.3). The rapid gel
domain growth slows down afterwards (see Figure 3.2B), whereas a few small
fluid domains persist for the duration of the simulation. These small fluid do-
mains merge into a single domain minimizing the line tension through diffusive
motion. A small fluid domain is still found even after 10 µs (≈ 5% of total DPPC
lipids). Reorganisation of lipids may help to eliminate the final fluid domain, as
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Figure 3.3: Time resolution of the top (top figure) and bottom (bottom figure)
monolayers showing the liquid-gel phase transformation represented by C2 beads
(ordered: blue, disordered: magenta)
the remaining fluid phase is trapped at this stage. Previous simulation studies
have shown that for smaller systems it is possible to achieve a fully homogeneous
gel phase, however this is clearly a finite size artefact [33]. The Voronoi analysis
showed that the corresponding areas of ordered and disordered DPPC are 0.4629
and 0.6676 nm2/molecule respectively, which agree well with the experimental
values [30].
By comparing the ordering in the top and bottom monolayers, a strong cou-
pling can be seen between the gel domain formation in the two monolayers. When-
ever lipids from one monolayer are triggered to form the ordered state, the lipids
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Table 3.1: Parameters obtained from Voronoi analysis show the growth of the
gel domain. Number of ordered/disordered C2 beads: No/Nd; area of or-
dered/disordered DPPC molecule: Ao/Ad; percentage of gel/fluid domain area:
ordered%/disordered%
time/µs No Nd Ao/nm
2 Ad/nm
2 ordered% disordered%
0 1065 3031 0.5653 0.6455 26.22 73.78
0.5 3303 493 0.4639 0.6467 87.11 12.89
1 3555 541 0.4668 0.6424 87.55 12.45
5 3590 506 0.4626 0.6460 87.79 12.21
10 3871 225 0.4629 0.6676 95.31 4.69
at roughly the same xy coordinates follow simultaneously. The final configuration
from this simulation was then taken to use as the initial configuration of higher
temperature simulations.
3.3.1.2 Solid-liquid phase transition
Results shown in Figure 3.4A provide clear evidence of the So → Ld transition
in pure DPPC bilayer. The distinctive jumps in area per lipid and chain order
parameter are characteristic of the structural change upon heating from 285 K to
325 K. The area per lipid increased from 0.491 nm2 to 0.637 nm2, which indicates
the change in lateral packing and the disappearance of translational ordering.
During the heating process, a discontinuity is observed between 305 K and 315 K.
The behaviour of the area per lipid obtained in our work is in good agreement
with previous simulation results and experimental observations [34, 35, 36]. The
clear discontinuity is also found in the plot of the chain order parameter (Schain).
The value of Schain is almost halved at 325 K (≈ 0.4, corresponding to Ld, see
figure 3.5) compared with 285 K (≈ 0.8, corresponding to So). This dramatic
decrease reveals the loss of orientational ordering in the lipid acyl chains.
The RDFs for various temperatures are reported in Figure 3.4B, which give
great insight into the structural properties of the membrane. The radial distri-
bution function (RDF) is constructed from the middle beads C2A/C2B of the
DPPC acyl chains. We use the RDFs here to monitor the lateral packing of the
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Figure 3.4: Simulation results for a pure DPPC bilayer at various temperatures.
(A) Average chain order parameter (solid black lines), area per DPPC molecule
(dashed red lines). The arrows indicate the direction of heating and cooling
cycles. (B) RDFs computed using the C2A and C2B beads in the middle of each
acyl chain. From bottom to top, 285 K, 295 K, 305 K, 315 K and 325 K. RDFs
have been shifted vertically by 0.3 units for better clarity. Voronoi construction of
one monolayer at 285 K (C) and 325 K (D). The beads employed for the Voronoi
construction C2A and C2B are represented by black dots and the corresponding
area is colored blue.
Figure 3.5: Snapshot of pure DPPC bilayer (side view) showing the straightened
lipid acyl chains at 285 K.
lipid chains. The strong long range oscillations found at low temperatures (285 K
to 305 K) show evidence for a regular packing of DPPC lipids. The distance at
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which the RDF displays its successive minima correspond to the various coor-
dination shells. The first minimum is found at 0.75 nm, which agrees with the
criteria suggested by Marrink for the identification of ordered lipid tails [33]. The
peaks found in low temperature systems (285 K to 305 K) at 0.5, 0.88, 1.0, ..., nm
correspond to the distance of inter-lipids expected for a hexagonal close packing
structure. In hexagonal packed bilayers (gel phase), the maxima are expected at
d, d
√
3, 2d, · · · , where d is the shortest lipid-lipid distance. In our case, bilayers
at 285 K, 295 K and 305 K fit this hexagonal structure well. We can also see from
the RDFs that the long range ordering is lost at high temperatures (315 K and
325 K) due to the large amplitude out of plane fluctuations. The clear change
in RDFs is compatible with the So → Ld transition and the transition point is
found between 305 K and 315 K.
Snapshots of bilayers analysed using Voronoi construction based on C2A and C2B
beads give information on the translational ordering straight from visualisation.
It is seen in Figure 3.4C that lipids form a hexagonal packing within the xy plane,
although some defects can be seen. At 325K (see Figure 3.4D), the lipid chains
melt as can be seen by the heterogeneous distribution of Voronoi polygon areas
and shapes. The same criterion used to monitor the gel formation process is
applied here to monitor the gel-fluid transformation. When the system is heated
from 305 K to 315 K, lipids melt and eventually form the fluid phase (see Figure
3.6). The metastable state of gel phase remains for the first 10 ns. Small fluid
domains grow rapidly and only one large gel patch is surrounded by fluid lipid
after 20ns. As was seen for the freezing process, fluid state lipids can still appear
metastable for a very long simulation time after the ”quick growth” stage. In this
case, fluid phase lipids are still observed after microseconds.
The pure DPPC bilayer was simulated with a heating→cooling loop. A large
hysteresis loop was observed (see Figure 3.4A). Both under cooling and overheat-
ing can lead to a persistence of domains and hence the presence of a Van der
Waals loop [37]. Thus, some fluid lipids can remain disordered, while some gel
lipids can be restrained to an ordered state beyond the transition temperature.
The observation of hysteresis is attributed to kinetic trapping. Reduction of the
heating or cooling rate (quasi-static) should reduce the width of the hysteresis
loop. Larger system size and longer simulation time can also contribute to con-
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1000ns0ns 10ns 20ns
Figure 3.6: Time resolution of the half bilayer showing the gel-liquid phase trans-
formation represented by C2 beads (ordered: blue, disordered: magenta)
vergence towards the transition temperature closer to experimental results [33].
By combining all these results we can conclude that there is a sharp melting
transition between 305 K and 315 K for DPPC bilayer. This observation is con-
sistent with previous experimental measurements and simulation estimates using
the same force-field [13, 36, 38].
3.3.2 Impact of cholesterol on phase transition
3.3.2.1 So → Ld transition and formation of Lo phase
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Figure 3.7: (A)Evolution of potential energy (left) and the cross-sectional area
of the simulation box (right). From top to bottom: 283 K, 293 K,303 K, 313 K
and 323 K
To study the impact of cholesterol on the phase behaviour of the DPPC mem-
brane, bilayers with a wide range of cholesterol compositions were simulated.
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Cholesterol molecules were embedded in both monolayers with equal number
initially. The composition remained relatively stable, nevertheless cholesterol
molecules were found to flip-flop across the two monolayers.
The original DPPC/CHOL bilayer (xchol = 0.3) was quenched to 283 K and
then heated to 323 K in intervals of 10 K. The rest of the bilayers were obtained
by removing the appropriate number of DPPC or cholesterol molecules. Figure
3.7 shows the equilibration process of the DPPC/CHOL bilayer (xchol = 0.2). As
was the case for the pure DPPC bilayer, the structural properties are reported. In
Figure 3.8A and B, the area per DPPC and per cholesterol are reported separately
as obtained form the Voronoi tessellation method. The variation of aDPPC(xchol)
and achol(xchol) across temperature with different degrees of xchol is shown. Re-
sulting values of aDPPC(xchol) and achol(xchol) were obtained from an ensemble
average over the simulation trajectories. We note that both aDPPC(xchol) and
achol(xchol) vary with composition xchol. The area per DPPC aDPPC(xchol) in-
creases with increasing temperature when xchol ≤ 0.3. A clear discontinuity is
observed between 303 K and 313 K which can be attributed to the So → Ld
transition. Hysteresis behaviour is also observed in the DPPC/CHOL mixture
bilayer (see Figure 3.8A, xchol = 0.2), but with a much smaller hysteresis loop
with respect to the pure DPPC bilayer, suggesting the reduced So → Ld acti-
vation energy due to the addition of cholesterol. Above xchol = 0.4 we see no
temperature dependence of the area per DPPC lipid, however it is interesting
to note that upon decreasing xchol we observe an increase of aDPPC . No phase
transition can be concluded for xchol ≥ 0.4. This observation is in disagreement
with the recent CG simulation work on the same systems [20], where a phase
transition was still observed with xchol = 0.5.
The same trend is seen in achol(xchol) (see Figure 3.8B), where little change
is observed with molar fraction greater than 30 mol%. The difference between
aDPPC(xchol) and achol(xchol) decreases with increasing cholesterol content. The
partial area of DPPC and cholesterol calculated through the Voronoi algorithm
can also be used to provide a route to estimate the average area per molecule.
a(xchol) =
A
NDPPC +Nchol
= aDPPC(xchol)(1− xchol) + achol(xchol)xchol (3.1)
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Figure 3.8: Area per DPPC (A) and cholesterol (B) across temperature with
different compositions of cholesterol. (C) The partial area of DPPC (cross, dashed
line) and cholesterol (cross, dotted line) at 323 K obtained in this work in shown.
We also compared average area per molecule A(xchol) calculated for the same
bilayer (square, solid line) and values reported by previous publication (diamond,
solid line) [35]. (D) average chain order parameter versus temperature for different
concentrations of cholesterol
The value of a(xchol) is commonly reported in experiments and simulations,
and is a critical parameter to identify the ‘condensing effect’ of cholesterol. In
Figure 3.8C, we compared the average area a(xchol) with the experimental value
reported by Nagle et al. [35] for the same mixture in the fluid phase. In this work,
they derived the partial area of DPPC and cholesterol by numerically fitting the
existing atomistic simulation results of a(xchol) to the equation above. However,
the area of cholesterol was obtained with a negative value at low xchol. They
explained the observation as follows : the local perturbation around cholesterol
is believed to remain unaltered by an added DPPC molecule, since DPPC just
joins its fully fluid companions in a region where has no cholesterol at low xchol.
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Therefore, the local perturbation on the DPPC molecules that are neighbour to
the cholesterol contributes to achol(xchol), not to aDPPC(xchol).
The average chain order parameter, Schain (see Figure 3.8D), shows he orien-
tational ordering effect introduced by cholesterol. With low concentrations of
cholesterol (xchol ≤ 0.3), sharp slopes can be noticed when the system temper-
ature raises from 303 K to 313 K. The value of Schain shows a significant drop
thus showing the acyl chains have melted (So → Ld). The features of Schain
(xchol ≥ 0.4) mirrors what we have seen for the area per molecule in Figure 3.8
A and B. The clear first order transition from So to Ld is absent.
The same phase behaviour of DPPC/CHOL mixtures is also confirmed by the
2D radial distribution functions (see Figure 3.9A) and snapshots of the systems
(see Figure 3.9B and C). The loss of long range oscillations indicates the absence
of translational order. As seen in Figure 3.9A, we observe an abrupt loss of long
range order behaviour between 303 K and 313 K, which is compatible with an
So → Ld phase transition. At xchol = 0.4, the transition temperature interval
increased by to the range of 313 K-323 K, whereas no change in the RDFs can
be seen when xchol = 0.5. Interestingly, bilayers with high cholesterol content
(xchol ≥ 0.4) feature longer ranged order than the ones in the Ld phase, but lack
the characteristic long range and peak intensity expected for a solid phase. This
combined with the fact that we observe a high degree of order along the aliphatic
chain, allows us to conclude the formation of an Lo phase, which is also consistent
with the strong conformational order imposed by the cholesterol on the phos-
pholipids. Snapshots of monolayer from the Voronoi construction provide clear
insight into the lateral packing of DPPC tails and cholesterol molecules, which
gives similar conclusions. At low cholesterol content membranes, (xchol ≤ 0.3),
hexagonal order is seen at low temperatures but absent at high temperature (see
Figure 3.9B and C). In contrast, lateral packing order at high temperature does
not differ from low temperature for xchol = 0.4, 0.5. As seen in Figure 3.9 B5
and C5, cholesterol packs well within the ordered phase, and does not perturb
the surrounding DPPC lipids. Another interesting fact we can conclude from
the analysis of these snapshots is the regular lateral organisation of cholesterol
molecules. They tend to form ”thread-like” clusters (see Figure 3.9 B5 and C5).
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Figure 3.9: 2D RDFs calculated of the middle beads (C2A and C2B) from DPPC
acyl chains is given for xchol = 0.2 (A1), xchol = 0.25 (A2), xchol = 0.3 (A3),
xchol = 0.4 (A4) and xchol = 0.5 (A5). From bottom to top: 283 K, 293 K,
303 K, 313 K, 323 K. RDFs have been shifted vertically by 0.3 units for better
clarity. Snapshots with the same number denotation represent the corresponding
Voronoi construction plots for half of bilayer at 283K (B1-5) and 323K (C1-5).
Cholesterol molecules are coloured in white, C2 beads from DPPC are shown in
blue.
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Details of this behaviour will be discussed in the next chapter.
From the results reported above, we conclude that addition of cholesterol tends
to smooth out the first order So → Ld melting transition and the transition
temperature lies between 303 K and 313 K. No clear evidence is found for a
phase transition at high composition of cholesterol. Instead, a new phase, Lo,
is identified across the temperature range 283 to 313 K for high cholesterol con-
tent membranes, which is in agreement with experiments and recent simulation
works [20, 27].
3.3.2.2 Phase transition across xchol
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Figure 3.10: Area per DPPC(A)/cholesterol(B) versus concentration of choles-
terol for different temperatures. (B) Average chain order parameter as a function
of cholesterol molar fraction and temperature.
From the investigation with varying temperature at different cholesterol con-
tents, we have gained insight onto how the Sd → Ld transition behaves. We now
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perform additional analyses to understand the possible Ld → Lo and So → Lo
transition by monitoring the variation of the order parameters as a function of
cholesterol molar fraction. In this section, results are reported at constant tem-
perature and the impact of varying cholesterol concentration at different thermal
states will be identified.
As was performed above, the area per DPPC/CHOL is examined first as this is
one of the most important structural parameters. We have shown in Figure 3.10
A that the area per DPPC decreases with addition of cholesterol at all temper-
atures. Such an observation is in agreement with a recent simulation study on
the same system [39]. The condensing effect of cholesterol is confirmed again by
this observation. However, the difference seen at high temperature (≥ 313 K) is
remarkable and results from the different densities of the Ld (≥ 313 K) and So
(≤ 303 K) phases, whereas only minor changes are observed at low temperature
(≤ 303 K). With the highest cholesterol content (xchol = 0.5, aDPPC(xchol)) con-
verges to ≈ 0.42 nm2. In Figure 3.10B, achol(xchol) increases at low temperature
(≤ 303 K) with increasing amount of cholesterol present in the bilayer. Local
perturbation introduced by cholesterol is more and more pronounced, so that
the lateral organisation of the original solid phase is perturbed. Another piece
of evidence of the cholesterol condensing effect is noticed at high temperatures,
where achol(xchol) decreases instead.
Important changes are also observed in the chain order parameter (see Figure
3.10 C). Schain shows its insensitivity to xchol at low temperature (≤ 303 K),
reflecting the remaining high degree of order in the lipid aliphatic chains. The
dramatic increase of Schain with increasing amount of cholesterol (≥ 313 K), is
an indication of the straightened hydrocarbon chains of the DPPC molecules in
the immediate vicinity of the cholesterol.
Unlike the clear first order So → Ld transition as we observed from Figure 3.4,
a gradual change of translational order with the addition of cholesterol is seen
in Figure 3.11. One essential characteristic of the different phases used to iden-
tify So, Ld and Lo is the degree of translational order. At high temperatures of
313 K (see Figure 3.11D) and 323 K (see Figure 3.10E), a distinctive liquid-like
long-range oscillation that differs from the typical fluid phase is observed in going
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Figure 3.11: RDFs represented using the central beads (C2A and C2B) in the
phospholipid chains at (A) 283 K, (B) 293 K, (C) 303 K, (D) 313 K and (E)
323 K. From bottom to top, xchol = 0, 0.2, 0.25, 0.3, 0.4 and 0.5 The RDFs have
been shifted by 0.3 units vertically for better clarity.
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from xchol = 0.3 to 0.4 or from xchol = 0.4 to 0.5 respectively. Our results would
indicate the Ld → Lo transition with xchol = 0.35 and T ≈ 308 K, also xchol =
0.45 and T ≈ 308 K. The lack of discontinuities or abrupt changes in the order
parameter indicates that the transition between these phases is weak, possibly
second order.
However, the gradual change seen in the results cannot provide clear informa-
tion on possible phase coexistence in the T/xchol domain. A new system will be
introduced and discussed later to give us an insight into the existence of phase
coexistence, so that a reliable DPPC/CHOL phase diagram can be constructed
based on more evidence.
3.3.3 Lipid dynamics
Membrane fluidity is strongly affected by cholesterol, as well as the structural
properties. The lateral diffusion coefficient is a dynamic parameter to charac-
terise the bilayer fluidity. In this section, we report the Mean Square Displace-
ment (MSD) upon varying the temperature (see Figure 3.12C) and cholesterol
concentration (see Figure 3.12A-B). Results are obtained from the final 500 ns
trajectories of each system, and clearly some did not reach diffusive behaviour
within the time scale. In the case of 323 K (see Figure 3.12A), the MSDs features
a diffusive regime after 300 ns, whereas only the bilayer of xchol = 0.4 is found
with diffusive behaviour at 293 K and the rest are characterised by sub-diffusive
behaviour.
Our diffusion coefficients (see Table 4.1) are compatible with those reported in
experiments for lipids in the Ld phase [40], of the order of 10
−7cm2s−1. Filippov
and co-workers [40] also concluded that the lipid diffusion coefficient decreases
slightly with increasing cholesterol content, but remains of the same order of
magnitude. From the results given at 323K, a monotonic reduction in the DPPC
diffusion coefficient is also observed with the addition of cholesterol. Such sub-
diffusive behavior has also been reported in computer simulations of proteins in
lipid membranes, where it was found that crowding had a large impact on the lipid
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Figure 3.12: Mean square displacement (MSD) of DPPC/CHOL bilayers as a
function of cholesterol content at T = 323 K (A) and T = 293 K (B). (C)
Temperature dependence of the MSD of bilayers at xchol = 0.4. Dashed lines
represent the expected behavior of the MSDs in the diffusive regime.
Table 3.2: Lateral diffusion coefficient of DPPC, DDPPC/10
−7cm2s−1. The hy-
phen “−” represents a system for which diffusive behaviour was not reached in
our simulation time scale. tD is the threshold time needed for the lipids to reach
normal diffusive behaviour.
xchol 303K 313K 323K tD/ns(323 K)
0 − 7.81 9.28 75
0.20 − 4.47 5.63 100
0.25 − 3.72 5.68 120
0.30 − 2.71 4.23 150
0.40 0.34 0.53 1.53 200
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molecules lateral diffusion [41]. We have estimated the threshold time needed for
the lipid molecules to reach the diffusive regime. This time was estimated from
a fitting of the equation 〈∆r(t)2〉 = 4Dtα to independent 500 ps segments of the
mean square displacement. At times smaller than tD the exponent is close to 0.5
hence indicating sub-diffusive behaviour. As the time approaches tD, the expo-
nent converges towards 1 as expected for normal diffusion. Our results (see Table
3.2) show that the threshold time increases with the concentration of CHOL. This
result is consistent with previous simulation studies [42] and shows that addition
of CHOL molecules increases the characteristic time-scale for the lipid molecules
sub-diffusive behaviour.
We also note that the diffusion coefficient obtained for xchol = 0.4 is about one
order of magnitude smaller (of the order of 10−8cm2s−1), compared with a typical
Ld phase. Good agreement is found with the diffusion coefficient observed for Lo
phase DOPC by pulse field gradient NMR experiments [40], which was reported
values around 1×10−8cm2 in the temperature range of 303-333 K. This is consis-
tent with the conclusion made from structural parameters, where Lo formation
is investigated at high cholesterol concentration (xchol ≥ 0.4). The activation
energy, Ea, can also be estimated by fitting our data to the Arrhenius equation,
resulting a value of 57 kJ/mol for the Lo phase at xchol = 0.4. Previous ex-
periments have reported similar results for comparable bilayers in the Lo phase,
including DOPC/CHOL/water and POPC/CHOL/water, with values which lie
between 55− 65 kJ/mol.
3.3.4 Investigation of possible So/Lo and Lo/Ld coexistences
As concluded in the previous section, addition of cholesterol clearly leads to the
formation of an Lo phase, but phase coexistence remains unclear from the normal
approach of simulation. Various previous studies have drawn different conclu-
sions, however there seems to be a common consensus that an So/Lo coexistence
region exists which involves CHOL-rich and CHOL-poor phases. Exploring So/Lo
and Lo/Ld coexistence by simulation is limited by timescale and system size. The
slow dynamics of lipids means the phase separation may be restricted within the
timescales normally employed in simulation studies. For a bilayer similar to the
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initial 283K 293K
303K 313K 323K
Figure 3.13: Voronoi construction of the initial configuration (top-left) and config-
urations obtained after 10 µs at different temperatures. Grey polygons represent
cholesterol, and blue and magenta DPPC in the ordered (gel or Lo) or disordered
(Ld) phases as defined in the text.
size of the ones we simulated here, hundreds of µs are needed to observe sig-
nificant demixing. A large system size is also essential, so that different phase
regions can separate.
To explore the possible CHOL-rich/CHOL-poor coexistence, a more practical
simulation approach was introduced. A new DPPC/CHOL system (xchol = 0.3),
was generated by removing 60% of the cholesterol molecules on one side of the
box from an Lo phase bilayer. The resulting bilayer consists of two parts, approx-
imately half of it remains in the Lo phase and the other half now is cholesterol-
free. The two monolayers are kept identical in composition. Hence, we can
monitor the demixing process and the change of cholesterol-free/cholesterol-rich
interface. The initial configuration was simulated for 10 µs at a range of tem-
peratures from 283 K to 323 K. The same criteria as applied in the analysis of
DPPC gel formation [33] was used here to identify the ordered (gel or Lo) or
disordered (Ld) phases. Snapshots of the bilayer obtained after each run are
represented in Figure 3.13. The initial configuration shows the clear boundary
between CHOL-rich and CHOL-free regions. When the bilayer is heated up to
303 K, the existence of CHOL-rich and CHOL-poor regions is no longer easy
95
3. Phase behavior of DPPC/Cholesterol mixtures
to identify by direct visualisation. A more quantitative method is used here to
explore the local molar fraction of cholesterol at different temperatures; the pre-
ferred cholesterol concentration(s) in the bilayer plane can then be obtained from
the histogram of local xchol. A typical Gaussian distribution is expected for a
uniformly distributed DPPC/CHOL bilayer, where the peak is located at the
average concentration(xchol, 0.3). In contrast a double peak distribution will be
observed if phase coexistence is present, where the peaks correspond to different
compositions.
A 5×5 grid is applied on the xy plane of the bilayer, resulting in 25 sub-bilayers
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Figure 3.14: Histogram of cholesterol concentration at 283 K (A) and 293 K (B)
and 303 K (C).
and around 60 lipids in each grid to allow sufficient statistics. The molar frac-
tion of cholesterol is calculated for each sub-bilayer. The data used to generate
the histograms represented in Figure 3.14A-C are taken from an ensemble aver-
age over 9 µs with approximately 2000 configurations. At 283 K, two distinctive
peaks at xchol ≈ 0.1 and ≈ 0.5 are present, corresponding to the So and Lo phases
respectively. The non-normal distribution shown in figure 3.14A results from the
extremely slow dynamics of lipids at this temperature. With the consequent
speeding up of dynamics at higher temperature, the histogram at 293 K is much
better defined than the one at 283 K (see figure 3.14B). A bi-normal distribution
with two distinctive maxima at xchol ≈ 0.15 and ≈ 0.45 is found, illustrating the
existence of So/Lo coexistence. These results will be used to define the tie-lines
in our phase diagram.
The boundaries of large domains quickly vanish with increasing temperature.
At 303 K (see Figure 3.14C), an almost homogeneous distribution of cholesterol
molar fraction with only one main peak centred at xchol ≈ 0.25 is present. It
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shows the absence of phase coexistence, or the two CHOL-rich and CHOL-poor
phases are close in cholesterol concentration that they are not resolved with our
approach. A single peak with normal distribution indicates no phase coexistence
exists. To summarize, only So/Lo phase coexistence below 303 K is confirmed
and the lack of Lo/Ld concluded from our approach agrees with previous com-
puter simulation investigations [43, 22]. Together with the observations and data
reported in previous sections, we hence constructed a DPPC/CHOL temperature-
composition phase diagram based on bilayer structural and dynamic properties.
However, we are aware of the limitations of current simulation models and meth-
ods which restrict very large time/size scales. As a consequence, the precision
of the simulation estimates are also limited and we plot the phase diagram with
estimated uncertainties in the coexistence lines.
In figure 3.15, our proposed phase diagram shows the existence of Lo at high
Figure 3.15: DPPC/CHOL phase diagram proposed in this work. The So/Lo
coexistence lines were estimated from the analysis of the cholesterol histograms,
while the So/Lo transition is based on the analysis of the area per DPPC and
mean chain order parameter. The Ld/Lo line was inferred from the analysis of the
radial distribution functions. The grey areas give an indication of the estimated
uncertainties in the coexistence lines.
cholesterol concentration. So exists with low cholesterol content, whereas So and
Lo coexist with intermediate concentration of cholesterol below the melting tem-
perature of pure DPPC bilayer. The disordered Ld phase is transformed from
So with the increase of temperature. Our results did not show any evidence for
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Ld/Lo coexistence. A slight increase in the melting temperature of 10 K for xchol
=0.5 is observed in some similar studies [20] which was not seen in our present
simulation.
3.4 Conclusion
We have investigated the phase behaviour of fully hydrated DPPC/Cholesterol
bilayer mixtures by utilizing the MARTINI force-field and coarse-grained molec-
ular dynamics simulations. Our analysis suggests that the addition of choles-
terol fluidise the DPPC gel phase and stabilises the liquid ordered phase. The
So → Ld phase transition can still be observed with Tm ≈ 308 K for bilayers that
xchol ≤ 0.3. At high cholesterol concentration, xchol = 0.5 the Lo phase domi-
nates the phase diagram as the single phase in the wide range of temperatures
investigated, 283 K < T < 323 K. The lipid has highly ordered lipid acyl chains
similar to those in So phase, but also with severely disrupted translational order
similar to a dense fluid. The lateral diffusion coefficient is of the order of that of
the Ld phase, but about 2-10 times smaller than that of the Ld phase which is
in a good agreement with experiments. The calculated activation energy, of the
order of 57 kJ/mol, also highlights the sluggish dynamics of Lo phase lipids.
The contentious issue raised in identifying possible Lo coexistence with Ld or So
phases was also examined. Our results suggest the formation of So/Lo, but not
Ld/Lo coexistence. With the continuity in behaviour observed with Lo → Ld
transformation, a second order transition scenario seems to be the most likely
for the MARTINI force-field. Overall, the proposed phase diagram provides a
general idea of the DPPC-cholesterol phase behaviour and provides insight into
the molecular organization of the molecules in the different phases. These results
illustrate that coarse-grained molecular dynamics simulation is a powerful tool for
making qualitative observations of the dynamic phase behaviour of lipid bilayers
on time and length scales that are not accessible to atomistic simulation.
Summary:
• Investigated the phase behaviour of fully hydrated DPPC/Cholesterol bi-
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layer mixtures using MARTINI force-field CG-MD simulations.
• Understood the structural and dynamic properties of DPPC/cholesterol
bilayers quantitatively.
• Confirmed the formation of Lo at high cholesterol concentrations.
• Found that the addition of cholesterol fluidise the So phase and stabilises
the Lo phase.
• Proposed a temperature-composition DPPC/Cholesterol phase diagram based
on the novel study of phase coexistence exploration.
Future work:
• A reparametrization of the MARTINI model (e.g., targeting the properties
of the So phase).
• Longer stimulations of investigating So/Lo and Ld/Lo coexistences to elim-
inate the uncertainties in proposed phase diagram.
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Chapter 4
Effect of cholesterol modification
on DPPC/Cholesterol bilayers
The observation of ‘thread-like’ cholesterol clusters has been reported before in
analogs of cholesterol with atomistic models [1], and was rationalised as the re-
sult of a fine balance between cholesterol/cholesterol weak interactions and the
stronger interactions of cholesterol with the lipid molecules in the ordered phase.
Such linear structures have also been reported in atomistic computer simulations
of ‘smoother’ cholesterol-bilayer membranes in the liquid-ordered phase [2]. We
consider that the geometry of the MARTINI cholesterol model could play an
equally important role in determining the bilayer structural organization. The
MD simulations with standard and modified models of cholesterol confirm the
validity of this conjecture, showing the effect on lipid bilayer lateral organisation
and phase transition upon varying the size of the CG model cholesterol. This em-
pirical observation relates to a prediction of naturally occurring sterols in similar
studies using MARTINI force-field which are currently available.
4.1 Introduction
To understand the lateral structure of cholesterol where it forms regular distri-
butions, both experimental and theoretical approaches [3, 4] have been reported.
Despite the rapid development of techniques, the actual atomistic level molecular
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organisation and detailed nature of lipid-cholesterol interactions corresponding to
such organisation still remains a challenging problem. Three conceptual models
are commonly used to explain the lipid-cholesterol interaction. The Condensed
Complex Model was proposed from a study on lipid monolayers at the vapor-water
interface by McConnell and Radhakrishnan [5], and based on low free-energy sto-
ichiometric lipid-cholesterol complexes with smaller cross-sectional areas. The
Superlattice Model suggests that a long-range repulsive force is created by the
difference in molecular lateral area between cholesterol and the phospholipid. A
regular distribution of cholesterol molecules is predicted when the molar frac-
tion of cholesterol brings the mixture to a critical point [6, 7]. The Umbrella
Model was proposed based on the distinct structure of cholesterol which consists
of a small hydrophilic headgroup and a bulky rigid hydrophobic tetrameric ring
system. The mismatch in size between head and body favours the existence of
phospholipid molecules adjacent to the cholesterol, so that the unfavourable in-
teraction between water and the non-polar cholesterol body can be minimised by
shielding of the large phospholipid polar headgroup. To minimize the free energy
in a membrane, cholesterol will therefore avoid cluster formation or at least large
cluster formation at high concentrations [8].
Some earlier simulation studies showed that the ordering induced by cholesterol is
strongly related to its chemical structure [9, 10]. There are three main structural
elements, a small hydrophilic domain with a single -OH group, a large rigid planar
body with several fused rings, and a short branched alkyl chain. The large rigid
group forms an asymmetric planar structure with two off-plane methyl groups
on one side. The unfavourable interaction between saturated acyl chains and
off-plane methyl groups decreases the chain ordering and packing of lipids facing
the rough side, whereas the chain order is found to increase when interacting
with the smooth side. Atomistic molecular dynamics simulations reported by
Martinez-Seara et al. [2] showed how the two off-plane methyl groups impact on
the lipid lateral distribution. When planar cholesterol molecules are introduced
without the off-plane methyl groups, they are found to form linear arrays instead
of exhibiting triangular ordering as seen with regular cholesterol.
The cholesterol molecule has a cross-sectional area ( 0.27 nm2) [11] which lies be-
tween that of a single acyl chain ( 0.21 nm2) [11] and two acyl chains ( 0.42 nm2) [11]
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in the gel phase. This implies a strong mismatch in packing, whereby cholesterol
will be unable to insert into the 2D hexagonal lattice, but rather will disrupt it.
We have set out to test this idea by varying the size of the cholesterol molecule
using coarse-grained modelling. The work on MARTINI [12] DPPC and choles-
terol bilayers discussed in chapter 3 clearly shows the formation of linear choles-
terol clusters in Lo phase lipid membranes. In this chapter, we address how the
cholesterol molecular structure influences the lateral distribution of lipids and can
disrupt the lipid phase transitions. A series of coarse-grained molecular dynam-
ics simulations was performed with the original MARTINI cholesterol, and with
enlarged/decreased size cholesterol-like sterols.
4.2 Methods
4.2.1 Force-field and simulation details
Coarse-grained molecular dynamics simulations were performed on bilayer mem-
branes of fully saturated 1,2-dipalmitoyl-sn-glycero-3-phophocholine (DPPC) with
20 and 50 mol% of cholesterol(CHOL) using the MARTINI 2.0 force field. Both
lipids are fully described in chapter 2. Differently from the full-atom/united-
atom model of cholesterol, the detailed molecular structure is not apparent in
this coarse-grained model, e.g. the two off-plane methyl groups. Instead, CG
cholesterol exists with smooth surfaces on both sides (see figure 4.1). For com-
parison, enlarged (CHO1) and decreased (CHO2) size cholesterol molecules are
introduced, and we have performed simulations with the same compositions and
temperatures as for CHOL. The details of constructing CHO1 and CHO2 will be
explained later in the section.
Each membrane system consists of either 2432 or 2304 DPPC molecules and a
corresponding number of sterol molecules, 640 (20% of cholesterol) or 2304 (50%
of cholesterol). These bilayers were obtained from the simulation work of Mar-
rink and co-workers [12] (available on-line at: http://md.chem.rug.nl/cgmartini/)
with certain modifications. An appropriate number of DPPC or CHOL molecules
from both leaflets were removed from the given configuration, where xCHOL=0.3
(NDPPC=38 and Nchol=16). The resulting two monolayers were constructed so
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Figure 4.1: (A) Comparison of the coarse-grained cholesterol (including CHOL,
CHO1 and CHO2) model applied in this work with assigned beads and its three-
dimensional chemical structure. Two off-plane methyl groups are highlighted.
(B) Example of a DPPC/50%CHOL bilayer.
they have equal composition and the whole “patch” was replicated in the xy plane
to generate the bilayer systems used in this work. To achieve a fully hydrated
bilayer, either 38000 or 50000 CG water particles were added to the system,
which are equivalent to 50 real water molecules per lipid.
The simulations were performed using the GROMACS software package (version
4.5) [13] in the NPT ensemble. Standard simulation conditions were applied here
as described in chapter 3. In total, each system was simulated for 2 µs. The first
µs was considered as equilibration time and it was discarded when computing
ensemble averages.
ULJ(r) = 4ij
[(fσij
r
)12
−
(fσij
r
)6]
(4.1)
The change in size of cholesterol was achieved by adjusting the Lennard-Jones
potential. In the standard MARTINI 2.0 force field, σ and  are fixed to cer-
tain values according to the particle type and interaction level [12]. To construct
the new cholesterol models with enlarged (CHO1) and decreased (CHO2) sizes,
we applied a scale factor on the original values of σ to change the effective size
(see equation 4.1). All other parameters remain unchanged within the standard
MARTINI force field.
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4.2.2 Analysis
A number of quantitative parameters are reported in this chapter. Apart from
the theory of the standard structural and dynamic properties described in chapter
2, some extra analysis was performed for this work.
A cholesterol cluster is defined here based on the Voronoi construction, where
we project R3 beads from cholesterol and C2 beads from DPPC onto the xy
plane separately for both leaflets. If one R3 bead is found to be one of the
nearest neighbours of another R3 bead, these two R3 beads are considered to be
connected. When n R3 beads are found to be connected in the way described
above (n ≥ 4), a cluster consisting of n cholesterol molecules is assigned. The
shape properties of the spatial conformation of the cluster can be described in
terms of the gyration tensor S [14]
S =
1
N
N∑
n=1
(xin − xiCOM)(xjn − xjCOM), i, j = 1, ..., d, (4.2)
where xiCOM=
∑N
n=1 x
i
n/N are the coordinates of the centre of mass position
of cholesterol; N denotes the total number of monomers within the cluster; d
is the dimensionality of the space, and d = 2 in this case to account for the
two dimensional character of the membrane. The asphericity, Ad, of the cluster
embedded in d dimensions of space is defined as [15]:
Ad =
1
d(d− 1)
d∑
i=1
(λi − λ¯)2
λ¯2
=
1
d(d− 1)
Tr(∆)2
λ¯2
(4.3)
where λi denotes the eigenvalues of the gyration tensor describing the distri-
bution of monomers inside the cluster, λ¯ represents the arithmetic mean of the
radius of gyration and ∆ = S − λ¯I (I is the unity matrix). To characterize the
cholesterol clusters in this work, we calculated the asphericity in 2-dimensions and
reported as ensemble averages. The average asphericity of given conformations
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in 2D spaces, 〈A2〉, is further defined as:
〈A2〉 =
〈(λ2 − λ1)2
(λ2 + λ1)2
〉
(4.4)
with λi being the eigenvalue of the gyration tensor. A perfectly linear cluster
would give a value of 〈A2〉 of 1, whereas 〈A2〉 approaches 0 for a spherical shape.
4.3 Results and discussion
4.3.1 Cholesterol cluster formation at xCHOL = 0.5
The work reported in chapter 3 on DPPC/CHOL bilayers shows the clear for-
mation of cholesterol clusters at xCHOL = 0.5. We now discuss the properties of
cholesterol clusters quantitatively. To investigate the influence of temperature,
bilayers were simulated at 283 K and 313 K, and analyses were performed by
monitoring the variation of the structural parameters as functions of cholesterol
size and temperature. As seen in figure 4.2A, the enlarged CHO1 and decreased
size CHO2 cholesterol molecules are generated as described in the Methods sec-
tion with expected enlarged and decreased cross-sectional area values respectively.
The area per cholesterol varies linearly with the scale factor applied within the
LJ potential. The van der Waals volume of a coarse-grained cholesterol molecule,
Vchol = 0.38 nm
3, is calculated as the average volume of one cholesterol molecule
from a simulation of pure cholesterol. The volumes of CHO2 and CHO1 were ob-
tained in the same way, as 0.28 and 0.53 nm3, respectively. The volume ratio for
CHO2/CHOL/CHO1 is calculated to be 0.74:1:1.4. Likewise, ADPPC also changes
upon changing the scale factor but with a weaker response in DPPC/CHO1 bi-
layers. By applying a scale factor of 1.15, ADPPC(CHO1) is almost the same
as ADPPC(CHOL), whereas the ratio of ADPPC(CHO2):ADPPC(CHOL) is found
to be equal the scale factor applied on CHO2 (f=0.85). Furthermore, the cross
sectional area for both DPPC and cholesterol is independent of temperature. The
clear increase in the area per lipid in going from CHO2 to CHO1 suggests a possi-
ble phase change (see figure 4.2). Another approach to examine the translational
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ordering is to monitor the two dimensional radial distribution function, 2D RDF,
(figure 4.2B). The behaviour of the RDFs with temperature mirrors the trend ob-
served in the molecular area. RDFs of the DPPC/CHOL bilayer feature a weak,
liquid-like ordering which decays with a long correlation length. This form of de-
cay indicates the appearance of the Lo phase, as do other parameters from chapter
3. With the smaller CHO2 molecules, the RDFs show much stronger longer range
oscillations, which correspond the typical behaviour of a gel phase. In contrast,
the longer range correlation disappears quickly by around 4 nm in DPPC/CHO1
bilayers, which indicates a loss of translational order similar to the fluid phase.
For the data of the average acyl chain order parameter, Schain ≈ 0.8 is obtained
in all bilayers, regardless of temperature and of the cholesterol model employed.
Therefore, an Lo phase can be confirmed for DPPC/CHO1 and DPPC/CHOL
bilayers at both temperatures.
Following the typical structural parameters, we carried out a quantitative anal-
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Figure 4.2: (A) Variation of area per DPPC (red solid square) and cholesterol
(black solid circle) responding to the scale factor(f, as stated in equation 4.1)
on LJ potential at 283K and 313K. (B) 2D RDF of the central beads (C2A and
C2B)of each phospholipid chain at 283K (solid lines) and 313K (dashed lines) in
DPPC/CHOL (middle two), DPPC/CHO2 (bottom two) and DPPC/CHO1 (top
two) bilayers.
ysis of cholesterol clusters and found a strong influence of cholesterol size on the
bilayer structure. In Table 4.1, the 2D asphericity 〈A2〉 provides direct informa-
tion on the cluster shape. CHOL clusters appear to have the greatest asphericity
at both 283 K and 313 K, the value increasing slightly from 0.696 to 0.741 with
increasing temperature. At both temperatures, the 〈A2〉 of CHO2 is similar but
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slightly smaller than the CHOL one. In contrast, CHO1 obtained by enlarg-
ing the CHOL gives values of cluster asphericities as low as 0.482 at 283 K and
0.468 at 313K. These findings reveal that CHOL and CHO2 favour linear clusters,
whereas CHO1 tends to form circular ones. Whilst the cholesterol molecule size
alters the overall shape of the clusters, the temperature exerts only a very small
influence on the asphericity. Statistical results (see figure 4.3 A - B) also show
that some large clusters are formed containing as many as 30 CHO1 molecules.
This leads to a greater average cluster size (≈ 7 molecules in each defined cluster)
compared with CHOL and CHO2. cos θ is computed to understand the cluster
linearity, where θ is the angle formed by every 3 consecutive beads within a single
cluster (see figure 4.3 C - D). A clear loss of linearity in both CHO1 and CHO2
is observed, but with no evidence of other preferred shapes. These results are
compatible with the conclusions made from the asphericity calculation. Same as
the area per lipid and the RDFs, the results observed from the cluster analysis
also show as temperature-independent.
Table 4.1: Total number of clusters within the bilayer and average cluster size
283K No. of Clusters cluster size 〈A2〉
CHOL 220 5.5864 0.6963
CHO2 181 5.5414 0.6304
CHO1 196 6.8061 0.4823
313K No. of Clusters cluster size 〈A2〉
CHOL 246 5.6220 0.7414
CHO2 180 5.4389 0.6482
CHO1 202 7.0347 0.4681
The change of cluster shape can be also monitored from the snapshots of
the leaflets obtained from the Voronoi tessellation method. In figure 4.4, choles-
terol clusters in each monolayer are plotted and highlighted according to their
asphericity. Most of the CHOL clusters were coloured in red (see figure 4.4B
and E), reflecting the tendency for being linear. More bulk (blue, see figure 4.4
C and F) clusters are populated in the CHO2/DPPC system. CHO1 clusters
tend to consist of a mixture of both linear and spherical ones. These snapshots
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Figure 4.3: Probability distribution of cluster size found in lipid bilayers at 313K
(A) and 283K(B). Frequency calculated for each three of consecutive cholesterol
beads from the same cluster at 313K (C) and 283K (D).
obtained from the Voronoi construction also give us an idea of the lateral pack-
ing from visualization. Regular hexagonal packing with six nearest neighbours
is expected for ordered gel phase bilayers, which can been seen in the system
of DPPC/CHO2 and DPPC/CHOL(see figure 4.4 A-B and D-E). Interestingly,
DPPC/CHO1 bilayers have lost this regular packing. Nearest neighbour around
cholesterol molecules is analysed using Delaunay triangulation [16]. Such infor-
mation can be used to provide quantitative information on the spatial order in
DPPC/cholesterol membranes. C2A and C2B beads from the middle of the lipid
chains were selected to perform the analysis. In figure 4.5, both CHOL and CHO2
give the same lipid coordination number of six. However, CHO1 is more likely
to have a greater number of DPPC neighbours, with an overall number of seven
nearest neighbours. Seven-fold disinclinations identify lattice defects with CHO1
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A
(A) (B) (C)
(D) (E) (F)
Figure 4.4: Snapshots of half bilayers show the asphericity of cholesterol clusters
at 283K ((A)CHO2 (B) CHOL (C) CHO1) and 313K ((D)CHO2, (E)CHOL,
(F)CHO1). C2 beads of DPPC are shown in light grey, cholesterol beads not
considered as clusters are shown in dark grey.
molecules. Similar to the RDFs, the nearest neighbour coordination number in-
dicates that the enlarged cholesterol molecule type CHO1 has less ability to pack
laterally with DPPC.
The importance of the cholesterol model size for the lateral packing is also
confirmed by computing the pair correlation function for cholesterol/DPPC bi-
layers, which is helpful to investigate what types of molecule are favoured in
adjacent positions to cholesterol molecules (see figure 4.6). The RDFs were com-
puted using the middle beads C2A and C2B in the acyl chains for DPPC, and
site R3 at the same z position were selected to represent cholesterol. For the
original CHOL, the main peak for CHOL-CHOL pair correlation is found at a
distance of 0.5 nm, corresponding to the first coordination shell. The first peak
for CHOL-DPPC is also located at 0.5 nm. Therefore, there is no preference
for locating either CHOL or DPPC adjacent to CHOL, as the bilayer is crowded
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Figure 4.5: Probablity of finding N nearest neighbour cholesterol (dashed lines),
DPPC (dash-dotted lines) and any (solid line) molecules around a given choles-
terol molecule at 313K (A) and 283K (B).
by cholesterol molecules at this high concentration. On the other hand, CHO2
is preferentially located adjacent to CHO2, whereas CHO1 tends to avoid being
located adjacent to CHO1.
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Figure 4.6: 2D RDF of cholesterol-cholesterol at 283K (A). Comparison of 2D
RDFs showing corrleation between cholesterol-cholesterol and cholesterol-DPPC
(B).
Information on the average structure of the lipid bilayer can be obtained from
the number density profile of a selected group along the bilayer normal. The thick-
ness and structure of the bilayer can also be obtained from the density profile. In
figure 4.7 A, the number density profiles of DPPC and cholesterol obtained from
simulations at 313 K are shown. Because the total number of particles is the same
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Table 4.2: Thickness of DPPC/cholesterol monolayers, h/nm, and the difference
between the thicknesses of DPPC and cholesterol molecules.
hDPPC hcholesterol ∆h
DPPC/CHOL 1.999± 0.052 1.446± 0.031 0.552
DPPC/CHO2 2.016± 0.052 1.460± 0.036 0.556
DPPC/CHO1 1.999± 0.053 1.438± 0.033 0.561
in all cholesterol-containing bilayers, and the beads of CHO1 have larger var der
Waal radii, the resulting number per volume is expected to be lower, as seen in fig-
ure 4.7 A. The average structure of the lipid bilayer in figure 4.7 A, unambiguously
demonstrates that cholesterol is shielded by DPPC from exposure to water. The
peak-to-peak distances should allow the separate estimation of the thicknesses of
the DPPC and of the cholesterol within the bilayer. However, the peaks are found
to be relatively broad, resulting in large errors. Instead, the thickness of DPPC
was obtained from the difference in z position between PO4 and C4 beads, where
the thickness of cholesterol was calculated from the difference between ROH and
C2 beads. The ensemble average was obtained and the standard deviation was
also calculated (see Table 4.2). Results are found to give smaller values compared
with previous atomistic simulations, where a bilayer value of 4.82 ± 0.3 nm was
obtained from the computed electron density profile of DPPC/CHOL (xchol=0.4)
at 323 K [17]. Another recent small angle neutron scattering study reported the
thickness of DMPC/CHOL as 4.42 nm (xchol=0.47,T=303 K) [18]. We also note
that only small differences in thickness are observed between the different sterol-
containing bilayers (see Table 4.2). DPPC is slightly thicker in DPPC/CHO2 than
in DPPC/CHOL and in DPPC/CHO1, so that DPPC is somewhat straightened
in DPPC/CHO2 bilayers. The contribution of the sterol ring (R1-R5) and tail
(C1-C2) particles is represented by number density profiles calculated solely from
these groups. The results shown in figure 4.7B, demonstrate that the tail group in
CHO2 has the lowest probability of occupying the bilayer center. To investigate
further the z positioning, the z coordinate is calculated for the center of mass
of selected groups and the relative position of cholesterol with respect to DPPC
was thereby deduced. The positions of the three sterols in the bilayer can be
compared directly. The result, ∆zhead, describes the difference in z position be-
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tween the headgroup of DPPC (PO4 is selected) and the hydrophilic ROH group
from cholesterol. The smallest difference, for DPPC/CHO2, reveals that CHO2
is found closer to the bilayer/water interface. CHO1, on the other hand, exhibits
the greatest value in ∆zhead. Therefore, CHO1 is located closer to the bilayer
core. CHOL is found to adopt a behaviour in between CHO2 and CHO1. The
same conclusion can be drawn by comparing the center of mass position of DPPC
and cholesterol. The relative positions of DPPC and cholesterol is represented
schematically in figure 4.7C.
Table 4.3: Relative z position of head group and centre of mass (COM) of choles-
terol with respect to the headgroup and COM of DPPC.
Bilayer ∆zhead/nm ∆zCOM/nm
DPPC/CHOL 0.528 0.099
DPPC/CHO2 0.519 0.071
DPPC/CHO1 0.539 0.105
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Figure 4.7: Number density functions of DPPC and cholesterol molecules (A) ;
ring (solid lines) and tail (dashed lines) groups of cholesterol (B) at 313K. black:
CHOL, red: CHO2; green: CHO1. Schematic representation of how results in
Table 4.3 were calculated (C).
The distributions of tilt angles of the cholesterols with respect to the bilayer
normal are shown in figure 4.8. The histogram of angles between the bilayer
normal and the fused ring (vector connecting beads R1 and R5) at 313 K is given
in figure 4.8A. Correspondingly, the calculated distribution for the angle between
the bilayer normal and the sterol tail (vector connecting beads R5 and C2) is
shown in figure 4.8B. For both angle distributions of ring and tail, CHOL is found
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to lie on average between CHO1 and CHO2, with CHO2 aligned with the bilayer
normal most closely, and CHO1 least closely. Because CHO2 is constructed with
smaller van der Waals radii, it introduces less lateral perturbation than CHO1
or CHOL. In contrast, the enlarged CHO1 cannot fit into the bilayer as well as
either CHOL and CHO2. The width of CHO2’s angle distribution reveals that
CHO2 is more dynamic. Since CHO2 is located towards the DPPC hydrophilic
group where the packing is less dense, the rotational motion is less restrained.
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Figure 4.8: Tilt angle distribution between the bilayer normal and the vector
connecting beads R1 - R5 (A) and R5 - C2 (B) at 313 K.
4.3.2 Effect on phase transition at xCHOL = 0.2
Cholesterol has been well studied for its ‘condensation effect’ and impact on the
gel-fluid phase transition. In this section, we report how cholesterol’s size affects
the phase transition of DPPC/Cholesterol bilayers.
From the work presented in chapter 3, we note that the gel-fluid transition can
still be observed with 20% CHOL embedded. Features such as the cross-sectional
area, RDF and orientational order parameter have been captured to identify
the phase transition. A first order gel-fluid phase transition was observed, with
Tm ≈ 308 K. To understand how cholesterol’s size may affect this transition,
identical bilayers with CHOL replaced by CHO1 and CHO2 were simulated, and
the same systematic analysis was performed.
Instead of the discontinuity shown in figure 4.9A with CHOL, linear correlations
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Figure 4.9: (A)Area per DPPC (solid lines) and CHOL (dashed lines) obtained
from the Voronoi construction in DPPC/CHOL (black), DPPC/CHO1 (red) and
DPPC/CHO2 (green) bilayers. 2D RDFs of DPPC-DPPC pair correlation com-
puted using C2A and C2B beads at various temperatures (from bottom to top:
283 K, 293 K, 303 K, 313 K and 323 K) in DPPC/CHOL (B), DPPC/CHO2
(C) and DPPC/CHO1 (D) bilayers. RDFs are shifted vertically by 0.3 units for
clarity. (E) Schain obtained by averaging over all acyl beads. (F) Mean square
displacement (MSD) of DPPC/CHO1 bilayers as a function of temperature, from
bottom to top : 283 K, 303 K, 313 K and 323 K. Dashed lines represent the
expected behavior of the MSDs in the diffusive regime.
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between area per molecule and temperature were observed with DPPC/CHO1
and DPPC/CHO2 bilayers. Values obtained with CHO2 are well below those of
the DPPC/CHOL bilayer. Together with the strong long range ordering shown
in figure 4.9C and the high values of Schain, (≥ 0.8) seen in figure 4.9E, a gel
phase is suggested for DPPC/CHO2 for temperatures between 283 K and 323 K.
No evidence is found for any phase transition for the temperature range 283 K
– 323 K. Nonetheless, a tendency for decreasing Schain can be noticed at higher
temperature. We increased the temperature by a further 10 K to try to observe
a possible phase transition. Our Voronoi analysis shows that ADPPC increases
steeply to a value of 0.564±0.016 nm2 at 333 K, which is similar to the values cal-
culated for other sterol-containing bilayers at 323 K. Furthermore, Schain = 0.423
is consistent with the fluid phase. Examination of the 2D RDF at 333 K shows
an abrupt loss of long range oscillatory behaviour (see figure 4.10A). A noticeable
change in lateral packing is also seen in snapshots of half of the bilayers based on
C2 beads. Only a small patch is shown with defects at 323 K (see figure 4.10B),
whereas the acyl chains melt completely and lose the regular hexagonal organ-
isation with a further 10 K increase in temperature (see figure 4.10C). Overall
the main conclusion from the results reported above is that the decreased size of
CHO2 molecules raises the temperature of the So → Ld transition to ≈ 328 K.
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Figure 4.10: (A) 2D RDF of DPPC-DPPC pair correlation computed using C2A
and C2B beads from the middle of the acyl chains at 333 K. Voronoi construction
of one monolayer for DPPC/CHO2 at 323 K (B) and 333 K (C). Area occupied
by DPPC is represented by polyhedra coloured in blue, and CHO2 is coloured in
white.
CHO1 is found to play a more complex role on the phase transition than
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(A) (B)
(C) (D)
Figure 4.11: Voronoi construction of one monolayer for DPPC/CHOL (xCHOL =
0.2) at 283 K (A) and 323 K (B); for DPPC/CHO1 at 283 K (C) and 323 K
(D). DPPC is represented by areas coloured in blue, whereas white polyhedra
correspond to cholesterol molecules.
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CHO2. At low temperature (283 K) and high temperatures (313 K and 323 K),
there is hardly any difference seen in the area and Schain comparing CHO1 with
CHOL. However, at intermediate temperatures, switching the cholesterol model
expands the DPPC/CHO1 bilayer and gives greater values of ADPPC/cholesterol.
By checking the 2D RDFs (see figure 4.9), the nature of the translational ordering
can be determined. Apart from the liquid-like, weak pair correlation present at
283 K, the DPPC/CHO1 bilayers appear to have a distinct liquid characteristic
with a rapid decay of ordering from 293 to 323 K. In fluid phases, including ‘Lo’
and ‘Ld’, molecules exhibit liquid diffusive behaviour (D ∼ ×10−7cm2/s) [19],
which differs from the gel (‘So’) phase (D ∼ ×10−9cm2/s)[20, 21]. DDPPC is
generally 2-10 times smaller in Lo than in Ld [22](see Table 4.4). Therefore,
a possible Lo → Ld transition is suggested together with the evidence from the
structural parameters. The sharp slope of Schain (DPPC/CHO1) in figure 4.9E
reveals the abrupt change in orientational order. Similar to the area per molecule,
the order parameter shows good agreement between CHOL and CHO1 at high
and low temperatures. The changes in the membrane in-plane structure can also
be monitored by the Voronoi construction. In figure 4.11, hexagonal symme-
try in the ordered phase at 283 K is clearly shown in both DPPC/CHOL and
DPPC/CHO1 systems. At 323 K, they both melt and lose the hexagonal symme-
try. However, the discontinuity is smeared out by the enlarged CHOL molecules.
Overall, we see a continuous, possibly a second order, transition from ‘Lo’ to ‘Ld’
in DPPC/CHO1 bilayers with changing temperature.
Table 4.4: Lateral diffusion coefficient of DPPC, DDPPC/10
−7cm2s−1. The hyphen
“−” represents a system for which diffusive behaviour was not reached in our
simulation time scale.
T/K DPPC/CHOL DPPC/CHO1
283 - 0.06
293 0.02 1.28
303 0.03 2.77
313 3.79 4.04
323 5.48 5.31
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4.4 Discussion and Conclusion
In this chapter, we have presented a novel study concerning the extraordinary
role of cholesterol size in cluster formation and phase transitions. A number of
different order parameters shown the effect of cholesterol model on the bilayer
structure were computed.
With the original cholesterol model, clusters are only found with high concen-
trations, and so DPPC/50%CHOL was chosen in this study. The appearance of
cholesterol clusters in coarse-grained simulations is a result of the smoothness of
the CG cholesterol model (lack of the two off-plane methyl groups as shown in
its chemical structure). From the cholesterol cluster analysis, we find that the
linear cluster formation is absent by enlarging the cholesterol bead size by 15%
(namely CHO1 in this chapter). CHO1 clusters are favoured in larger cluster
sizes and more spherical shapes. By decreasing the area per cholesterol by 15%
(namely CHO2 in this chapter), the DPPC/CHO2 bilayers are found to be more
condensed. But no significant difference in preferred cluster size and shape was
observed for DPPC/CHO2 bilayers compared with DPPC/CHOL bilayers.
In order to investigate the lipid-cholesterol interaction, we computed a few param-
eters that reveals the relative positions of cholesterol and DPPC molecules. The
hydrophobic part of cholesterol molecules were found to be shielded by DPPC to
avoid exposure to water. This is in agreement with the key assumption of the
Umbrella model. In contrast, the structures expected for condensed complexes or
superlattices models are not observed. Thus, the Condensed Complex model and
the Superlattice Model are not supported by our data. In addition to the original
model, we found that CHO2 condenses the membrane to a smaller cross-sectional
area and results in closer lateral packing. CHO2 also allows a closer approach to
itself than DPPC due to its smaller size. DPPC and CHO1 are found to occupy
a similar molecular lateral area, that is greater than in DPPC/CHOL bilayers.
This leads to a less effective shielding of CHO1 by the headgroups of DPPC. More
neighbouring DPPC molecules are found for CHO1 due to the extended sterol-
DPPC distance. Our results of tilt angle distribution follow the order CHO2
< CHOL < CHO1, as does the area per DPPC and cholesterol. The largest
cholesterol, CHO1, induces the least tight packing in the bilayer, but is located,
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on average, closest to the bilayer core. Thus, the rigid ring still straightens the
DPPC acyl chains effectively. CHO2 yielded the smallest cross-sectional area
with DPPC lipids, which are close to optimal packing. It is positioned closer to
the bilayer/water interface with a larger cavity volume, so that has a broader
distribution of tilt angles. The tilt angle follows the order CHO1 > CHOL >
CHO2, which is compatible with the disrupted lateral packing on addition of the
most tilted CHO2. In figure 4.12, the key differences in DPPC bilayer structure
induced by different cholesterol models are schematised.
(A) (B)
Figure 4.12: Schematic diagram showing the interaction between DPPC and
CHO1(A) and CHO2(B). In DPPC/CHO1 bilayers, less condensing effect is in-
troduced and lipids are less closely packed, although the ordering effect in the
acyl chains remain. In contrast, CHO2 locates closer to the headgroup region,
and is more closely aligned with the membrane normal. The bilayer packing is
closer to optimal.
In agreement with observations on cholesterol cluster formation, we find that
the enlarged CHO1 disrupts the translational ordering of the DPPC bilayer and
destabilises the DPPC gel phase. A second order continuous Lo → Ld transition
is induced together with the altered structural and dynamic parameters. Simula-
tions with CHO2 show that the ordered phase is stabilised. Bilayers are observed
with So characteristics in the temperature range 283 − 323 K. Further investi-
gation at higher temperature reveals the formation of the Ld phase at 333 K.
Addition of 0.2 molar fraction of CHO2 shifts the So → Ld transition tempera-
ture to 328 K.
Interestingly, a high degree of similarity can be seen comparing CHO2 and CHO1
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Figure 4.13: Chemical structures of ergosterol, cholesterol and lanosterol.
with some real sterols, ergosterol and lanosterol respectively. Ergosterol has a
very similar chemical structure to cholesterol (see figure 4.13), which only dif-
fers in the alkyl chain. It is a common sterol found in fungi, and functions in
the same way as cholesterol. Lanosterol is a slightly larger sterol, with three
extra methyl groups (see figure 4.13). Previous simulations reported the van
der Waals volumes for ergosterol/cholesterol/lanosterol as 0.87:1:1.1 [17, 23]. Al-
though larger differences are observed with our cholesterol models (ratio of van
der Waals volumes CHO2:CHOL:CHO1 = 0.74:1:1.4), the overall pattern agrees
well. Structural studies on ergosterol in lipid bilayers found that the ordering
and condensing effect of ergosterol is the highest. The smoothness of ergosterol
leads to closer packing with the lipid chains, and it is found to locate closer to the
bilayer/water interface. An experimental study using Fourier transform-infrared
(FT-IR) spectroscopy and small-angle X-ray scattering (SAXS) investigated a
p,T phase diagram of DPPC/ergosterol (xergosterol = 0.22) [24]. An all-fluid like
Ld phase was reported at 330.5 K, which is consistent with our estimate for
DPPC/CHO2 bilayers (Tm in the range of 323 − 333 K). Lo/Ld phase coexis-
tence is also reported in a narrow range (314 − 330.5 K). MD simulations at
the atomistic level concluded that lanosterol induces the least effective packing
within lipid bilayers, due to its bulky structure and position closer to the bilayer
centre [17]. At low concentrations (xlanosterol ≤ 0.2), the DPPC acyl chains are
found to be less ordered than with the same amount of cholesterol [25]. Consen-
sus is also found in the diffusion coefficient, where results calculated for DPPC in
DPPC/CHO1 bilayers match well with the data observed in a NMR study [26].
However, phase behaviour studies reveal that DPPC/lanosterol bilayers have a
similar phase transition temperature as DPPC/cholesterol[26, 25]. Our observa-
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tions differ from this conclusion. Nevertheless,with the very slow dynamics, the
metastable state can survive for very long times, which we cannot discount.
To summarize, we have presented a detailed study that gives some insights into
the mechanism of lipid-sterol interactions. We have discussed the relation be-
tween lipid packing and sterol structures with a wealth of data, including area,
lipid order, radial distribution function, sterol tilt angles, and relative position
of the sterol in the bilayer. The original cholesterol model adopts a behaviour
between the two modified versions. Our study successfully reproduces the quali-
tative phase behaviour seen in experiments. Thus, the appropriate size of choles-
terol is crucial for its optimal effect on the phase behaviour and orientation of
the bilayer, resulting in just the right level of chain-chain interaction. A high de-
gree of similarity is seen after comparing the effects introduced with our modified
cholesterol-like molecules and some naturally existing sterols, suggesting that the
influence of sterols on the bilayer structure and phase transition can be under-
stood using relatively simple packing arguments.
Summary:
• Examined the role of sterol size on the lateral structure and phase behaviour
of fully hydrated DPPC/Cholesterol bilayer mixtures using MARTINI force-
field CG-MD simulations.
• Computed several structural and dynamic properties to quantify the de-
pendence of lateral order and phase behaviour with sterol type.
• Captured the formation of linear cholesterol clusters and observed the in-
fluence of cholesterol size on cluster formation.
• Found that the sterol size strongly influence the phase behaviour.
Future work:
• Further simulations of cholesterol analogs with bigger differences to the
standard cholesterol molecule.
• More analysis of these bilayers to clarify the influence on structural and
mechanical behaviours.
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Chapter 5
Phase transition in
DPPC/DOPC bilayers
Experiments and theoretical studies have shown the hydrophobic mismatch be-
tween DPPC and DOPC contributes to DPPC-DOPC demixing. In the present
chapter, we consider the model of DPPC/DOPC binary mixtures and discuss the
impact of DOPC and the effect of heterogeneity of the bilayers on the phase tran-
sitions. To do so, we study a mesoscopic model of a fully hydrated bilayer contain-
ing DPPC and DOPC. Our results showed that the initial configurations of the
bilayer model strongly influence the bilayer phase transitions. A nucleation site
was found to be essential to initiate the phase transitions, and a DPPC/DOPC
composition-temperature phase diagram was proposed based on the model with
a nucleation site.
5.1 Introduction
Naturally occurring cell membranes consist of multiple components, involving
hundreds of different types of lipids, therefore complex interactions between lipids
arise. There is increasing evidence that to fully understand many cellular pro-
cesses, we must first understand the lipid-lipid interactions involved [1]. In the
previous chapter, we have discussed the effect of the non-phospholipid component,
cholesterol, on the phase behaviour of lipid membranes and on the observation of
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domains of distinct phases organized laterally. Domains can create locally opti-
mized environments for protein functions and initiate certain types of biochemical
reactions [2].
The heterogeneous domains in eukaryotic cells are explained by the lipid raft
hypothesis [3]. These small domains are enriched in saturated lipids and choles-
terol [4, 5]. They are small in size (nano-scale), and exist as distinct liquid-ordered
regions of the membrane. However, the functional roles and driving force for raft
formation remain unclear. Furthermore, there are uncertainties in the size and
lifetime of rafts that make relevant studies [6] difficult to implement. The com-
mon membrane model used to study lipid rafts is a mixture of simplified com-
position, usually saturated phospholipid/unsaturated phospholipid/cholesterol.
Many ternary phase diagrams and some quaternary diagrams are reported which
have shown the preferential association between certain lipid types [7, 8]. Choles-
terol molecules aggregate with saturated lipid to form a liquid-ordered phase,
whereas unsaturated lipids do not mix favourably with cholesterol and form the
disordered phase.
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) as stated before, is one
Figure 5.1: Comparison of coarse grained molecular models of DOPC (A) and
DPPC (B). Beads are coloured according to interaction type. D3A and D3B
represent the cis double bonds in the DOPC carbon tails (highlighted in red),
with a smaller equilibrium angle.
of the most abundant lipids in membranes which have been well studied and
is often chosen as an ingredient in multi-component mixtures. Another repre-
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sentative phospholipid commonly selected for membrane models is 1,2-dioleoyol-
sn-glycero-3-phosphocholine (DOPC), which has one double bond in the middle
of each aliphatic tail (see Figure 5.1). Many studies, both experimental and
computational [9, 10, 11, 12] have explored the behaviour of ternary mixture-
DPPC/DOPC/cholesterol as a model for membrane lipid rafts. The study of par-
tial phase diagrams of binary mixtures, including DPPC/cholesterol, DOPC/cholesterol
and DOPC/DPPC is the starting point for the investigation of the multi-dimensional
phase digram. DPPC/cholesterol, which we have discussed in detail in chapter
3, has drawn much more attention than the other two mixtures. The literature
contains little information about the DOPC/cholesterol and DPPC/DOPC mix-
tures. The partial phase diagram of DPPC-d62/cholesterol of Vist et al. [13] shows
that cholesterol is miscible in DOPC up to 40 mol%. Before the study present
by Schmidt et.al [14](see Figure 5.2C), only a rough temperature composition
phase diagram of the DPPC/DOPC bilayer is given [15, 16] (see Figure 5.2A-B).
Moreover, some theoretical [17] and experimental studies (e.g. scattering[18, 16],
fluorescence [15] and NMR [14]) on DPPC/DOPC mixtures have been reported.
However, there are comparatively few computational investigations. This chapter
presents a careful study of the phase equilibria of DOPC/DPPC mixtures using
molecular dynamics simulation.
The phase behaviour of single component DOPC bilayers is expected to be
similar to that of pure DPPC bilayers: a first order transition should be observed
as the temperature is increased above Tm. The DOPC molecule has longer carbon
chains than DPPC (18 versus 16, see figure 5.1) and contains a cis double bond in
the middle of each tail, whereas DPPC is fully saturated (Tm = 41.2
◦C [19, 20]).
The presence of the cis double bond results in poor packing of the lipid chains
(see figure 5.1). DOPC bilayers exhibit a low main phase transition tempera-
ture, Tm = −16.5 ◦C for the gel-fluid transition [21]. The lower Tm enables the
bilayers to maintain their flexibility, compressibility and fluidity at physiological
temperatures. For DPPC/DOPC mixtures, a clear demixing (two-phase gel/fluid
coexistence) is expected due to the large difference in the main phase transition
temperatures of DPPC and DOPC lipid bilayers.
The same MARTINI CG force-field used for the DPPC/cholesterol study in chap-
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Figure 5.2: Three representative phase diagrams for a DPPC/DOPC system.
(A) Phase diagram reported by Furuya and Mitsui determined with X-rays (solid
lines) and calculated on the basis of thermodynamics (dashed lines) [16]. S repre-
sents for ordered state, where F stands for the disordered phase. In the S+F re-
gion, phase coexistence is observed. (B) A calculated phase digram derived from a
molecular model of DPPC/DOPC bilayer which is solved with self-consistent field
theory [17]. (C) The temperature-composition phase diagram of DOPC/DPPC-
d62 in excess water [14]. The filled squares was obtained by inspection of the
2H
NMR spectra, and the filled circles was obtained by spectral subtraction. The
firmly established phase boundaries are plotted with solid lines, while the solidus
curve derived from the metastable gel date is shown in dotted line and the pro-
posed phase boundaries are present with dashed lines. A three-phase coexistence
is also reported here.
ter 3 is also applied in this study, which allows the use of longer time-scales
together with larger system sizes (thousands of molecules for several microsec-
onds). We begin this chapter by considering two different pure bilayers, those
composed of only DPPC or DOPC lipids. The structural and dynamic properties
of DPPC/DOPC mixtures over a wide range of temperatures and compositions
is then monitored. The gradual change in DOPC composition is achieved us-
ing several different approaches, and we find that the initial arrangement of the
bilayer strongly influences the final outcome seen in its phase behaviour. A com-
plete DPPC/DOPC phase diagram evaluated from various quantitative analyses
is then proposed and discussed at the end of the chapter.
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5.2 Methodology
5.2.1 Force-field and simulation details
The standard MARTINI CG model with MARTINI 2.0 force field is used for all
the simulations in this chapter, including DPPC, DOPC and water molecules.
The same simulation conditions are applied here as described in chapter 3. The
initial bilayer configurations consisting of 128 DPPC (T = 325 K) and 128 DOPC
(T = 300 K) lipids were taken from the simulation work of Marrink and co-
workers [22] (available on-line at: http://md.chem.rug.nl/cgmartini/). The bi-
layers were replicated in the xy dimensions and fully hydrated configurations of
2048 DPPC or DOPC molecules with 32000 water CG molecules were gener-
ated [23]. Unlike of 16 methylene/methyl units in each chain as found within
the DPPC molecule, the DOPC molecule is longer by two methylene units and
is modelled with one more CG bead in the MARTINI force-field. ‘D’ beads are
introduced in the DOPC molecules to represent the cis double bond within the
carbon tail. The ‘D’ bead is categorised as a type ‘C3’ interaction site (see Fig-
ure 5.1). Differently from the ‘C1’ site which is used to describe the aliphatic
chains, the equilibrium angle is reduced to 120◦ from 180◦ with ‘C3’.
The DPPC/DOPC binary mixtures are obtained in three ways, but all of them
are given a typical simulation box of dimensions {Lx, Ly, Lz} = {25, 25, 10} nm
with 4× 104 particles including 2048 phospholipid molecules.
Asymmetric bilayers: Configurations with different compositions of DOPC
were generated by randomly substituting the appropriate number of DPPC molecules
within a single monolayer of a pure DPPC bilayer in the fluid phase into DOPC
molecules. These asymmetric bilayer is also achievable using experimental tech-
niques, e.g. Langmuir Blodgett/Langmuir Schaeffer [24]. The resulting bilayers
consist of a mixed DPPC/DOPC monolayer and a pure DPPC monolayer (see
Table 5.1).
Self-assembled bilayers: Configurations were obtained by self-assembling
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Table 5.1: Asymmetric bilayers obtained with different concentrations of DOPC.
The heterogeneity between the two leaflets can be seen from the side view snap-
shots of the DPPC/DOPC bilayer. orange:DPPC, green:DOPC, blue:choline
group, red:phosphate group, yellow: glycerol ester group, water molecules were
removed for clarity.
xDOPC NDOPC NDPPC Snapshot
0 0 2048
0.05 102 1946
0.125 256 1792
0.25 512 1536
0.5 1024 1024
1 2048 0
Table 5.2: Equi-molar DPPC/DOPC bilayer obtained by self-assembly. or-
ange:DPPC, green:DOPC, blue:choline group, red:phosphate group, yellow: glyc-
erol ester group, water molecules were removed for clarity.
xDOPC NDOPC NDPPC Snapshot
0.5 1024 1024
a small DPPC/DOPC bilayer from a random configuration of DPPC, DOPC
and water in the simulation box. Configurations of single DPPC and DOPC
molecules were extracted from the pre-equilibrated bilayers at 285 K (DPPC:gel
phase, DOPC: fluid phase). 64 DPPC and 64 DOPC molecules together with
768 CG water sites were placed randomly in a simulation box of dimensions
{Lx, Ly, Lz} = {7.5, 7.5, 7.5} nm and set to move freely. A bilayer was formed af-
ter a short simulation run, resulting in roughly xDOPC = 0.4 and 0.6 in the upper
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and bottom monolayers respectively. It was then replicated in the xy dimensions
to create a larger system used for further analysis. The resulting bilayer consisted
of 1024 DPPC, 1024 DOPC and 28000 CG water molecules (see Table 5.2).
Symmetric bilayers: The configuration was obtained by combining two
pure DPPC and DOPC bilayers side-by-side within a simulation box, with a gap
of ≈ 0.3 nm to avoid overlaps. The two pure bilayers were pre-equilibrated at
285 K to obtain a gel phase for DPPC and fluid phase DOPC. The resulting two
monolayers were constructed with the same composition, containing 2048 phos-
pholipids in total and 29000 water beads.
Table 5.3: Symmetric bilayers constructed by combining gel phase DPPC bilyer
and fluid phase DOPC bilayers. orange:DPPC, green:DOPC, blue:choline group,
red:phosphate group, yellow: glycerol ester group
xDOPC NDOPC NDPPC Snapshot
0 0 2048
0.125 256 1792
0.25 512 1536
0.5 1024 1024
1 2048 0
After energy minimization of the initial configuration, the bilayers were equili-
brated and simulated for 1 µs at low temperature (285 K). The final configurations
obtained after the simulations at low temperature were used as the starting con-
figurations for higher temperature runs (295-325 K). The trajectories were saved
every 5000 steps (0.1 ns). The first 900 ns in the trajectory is considered as an
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equilibration stage and was discarded when computing ensemble averages.
5.3 Results and Discussions
5.3.1 Phase behaviour of pure DOPC bilayers
The gel-fluid phase transition of pure DPPC bilayers has been discussed in chapter
3. A sharp first order transition was observed and the transition temperature was
determined to be in the range of 295-315 K. The unsaturated phospholipid DOPC
remains in the fluid phase above the freezing temperature of the MARTNI water
model (Tm = 256.5 K for gel-fluid transition[21]), therefore no gel-fluid phase
transition is expected for DOPC bilayers in this simulation work.
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Figure 5.3: Evolution of the cross-sectional area of the simulation box (A) and
potential energy (B), from bottom to top :285 K, 295 K, 305 K, 315 K and 325 K.
The equilibration process was monitored by computing the cross-sectional
area of the simulation box and the potential energy for the DOPC bilayer from
285 K to 325 K (see Figure 5.3 A-B for the time dependence of both parameters).
Unlike in DPPC bilayers, the DOPC bilayers studied here were in the fluid phase
for all temperatures investigated. Hence, they reached the equilibration state
within a much shorter time-scale.
We show in figure 5.4 that the area per DOPC and Schain increase linearly
with the increase in temperature, from 285 K to 325 K. Our simulations predict
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Figure 5.4: Simulation results for a pure DOPC bilayer at various temperatures.
(A) Area per DOPC molecule (solid red lines)Average chain order parameter
(dashed black lines) (B) RDFs computed using the C2A and C2B beads in the
middle of each acyl chain. From bottom to top, 285 K, 295 K, 305 K, 315 K and
325 K. Voronoi construction of one monolayer at 285 K (C) and 325 K (D). The
beads employed for the Voronoi construction C2A and C2B are represented by
black dots and the corresponding area is colored green.
a cross-sectional area per lipid of 0.677 ± 0.03 nm2 at T = 305 K. The area per
lipid value is about 6.5% smaller than the experimental value [25], but agreed
better with the previous atomistic simulation result for the same system (0.6915
± 0.0127 nm2) [26]. The average chain order parameters (Schain , see Figure 5.4A)
of DOPC are in the range of 0.24-0.29, which reveals a low orientational ordering
in the lipid acyl chains and correspondingly a Ld phase as discussed in chap-
ter 3. This numerical value agrees quantitatively with that of 2SCD for DOPC
at 298 K and wide-angle x-ray scattering averaged orientational order parame-
ters (Sx−ray), where SCD is the 2H-NMR segmental order parameter [27]. The
rapidly decaying radial distribution functions (see Figure 5.4B) are characteristic
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of the fluid phase behaviour of DOPC bilayers. The fluidity is confirmed by the
lack of regular packing in Voronoi polyhedra of monolayer (see Figures 5.4 C-D).
Overall, all the structural parameters examined here indicate the existence of a
liquid-disordered phase.
Sbond =
1
2
(3〈cos2 θ〉 − 1) (5.1)
Schain = 1/Nbond
Nbond∑
i=1
Sbond,i (5.2)
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Figure 5.5: The orientational order parameter of intra-molecular bonds for the
DOPC bilayer at 305 K(B) and the DPPC bilayer at 315 K(A). The intra-
molecular bond numbers shown on the horizontal axis are indexed in the DPPC
and DOPC coarse-grained models present on the top.
As discussed in chapter 2, the orientational order parameter of lipid acyl chain,
Schain, is averaged over the orientational order parameters of all CG bonds within
the lipid tails (see equation 5.2). The orientational order parameter of each lipid
bond, Sbond, is defined as a measurement of the lipid alignment with respect to
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the bilayer normal (see equation 5.1). Figure 5.5 shows the Sbond values for all the
intra-molecular bonds of DPPC and DOPC. Negative values were observed for
the CG bonds within the lipid headgroup region, which means that these bonds
are tend to align perpendicularly to the bilayer normal. A drop in the value of
Sbond is expected for the unsaturated hydrocarbon tails compared to fully satu-
rated chains, and this is captured by the MARTINI CG model.
5.3.2 Phase behaviour of asymmetric DPPC/DOPC bi-
layers
Lipid asymmetry is a common feature of all eukaryotic membranes, which is a
consequence of many factors, such as the spontaneous ”flip-flop” through the
membrane interior and the presence of transporters (enzymes). Asymmetric dis-
tribution of plasma membranes has been found to have many important conse-
quences on cell functions (more details can be found in this review [28]). To
study the influence of DOPC and the impact of membrane composition hetero-
geneity on the phase behaviour of DPPC bilayers, the composition was varied
systematically and the appropriate number of DOPC molecules were added to
one monolayer. The composition remained stable within the time-scale of the
simulation. No trans-membrane (flip-flop) motion of either DPPC or DOPC was
found. In order to observe the gel-fluid phase transition, the mixed bilayers were
quenched down to 285 K first, then allowed to heat up slowly to 325 K at 10 K
intervals. Bilayers with xDOPC =0.05 were simulated with a heating-cooling loop
from 285 K to 275 K. It was cooled down further than the other system (xDOPC >
0.05) in order to observe the phase transition. 5% of the total water beads were
substituted with anti-freeze particles to prevent the freezing of water in the sys-
tem containing xDOPC =0.05 at 275 K [22].
The area per DPPC and DOPC was computed as an ensemble average over
the final 100 ns simulation trajectories using the Voronoi tessellation method
(see Figure 5.7). The variation of aDPPC(xDOPC) and aDOPC(xDOPC) with tem-
perature for different compositions of DOPC is shown. The area per DPPC
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Figure 5.6: An example of asymmetric DPPC/DOPC bilayer, xDOPC =0.5. or-
ange:DPPC, green:DOPC, blue:choline group, red:phosphate group, yellow: glyc-
erol ester group, water molecules were removed for clarity.
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Figure 5.7: Area per DPPC(A) and DOPC(B) lipid versus temperature for dif-
ferent molar fractions of DOPC from 0 to 1.
and DOPC increases linearly with increasing temperature with more than 5% of
DOPC embedded. Similar trend can be concluded for both aDPPC(xDOPC) and
aDOPC(xDOPC) versus temperature. DPPC/DOPC bilayers with 5% of DOPC
embedded in one monolayer behave in a similar way as the pure DPPC bilayer.
A clear discontinuity is observed between 285 K and 305 K which is attributed
to the So → Ld transition. The hysteresis loop is shifted down by 10 K with
respect to pure DPPC bilayers. However, the area per lipid increases linearly
with temperature at higher concentrations of DOPC (xDOPC ≥ 0.05).
The same trend is seen in the average chain order parameter Schain (see Fig-
ure 5.8). The values for both DPPC and DOPC with molar fraction equal to 5%
are halved by increasing the temperature from 295 K to 305 K, which is com-
patible with the existence of a gel-fluid transition. A minor decrease in Schain is
observed for bilayers with molar fraction greater than 5%. The distribution of
Schain over the whole bilayer system can be used to indicate possible phase coex-
istence, as the difference in Schain is relatively large between gel and fluid lipids.
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Figure 5.8: Average chain order parameter of DOPC(A) and DPPC(B) as a
function of DOPC molar fraction and temperature.
Figure 5.9 shows the probability of the average chain order parameter of pure
DPPC and DOPC bilayers in the gel and fluid phases. The long tail observed
in the gel phase DPPC bilayer corresponds to the a small disordered region of
DPPC molecules as discussed in chapter 3. Results for DPPC/DOPC mixtures
are reported in figures 5.10 and 5.11. As shown in figures 5.10A and 5.11A, single
peaks are observed for DPPC molecules in all the mixtures, where peaks found ei-
ther around Schain =0.9 or 0.4 correspond to the gel or fluid phase behaviours (see
figure 5.10A). At higher concentrations, both DPPC and DOPC are in the fluid
phase. The behaviour of DOPC molecules at xDOPC = 0.05 (see figure 5.10B) is
more complicated. A single phase is observed for higher temperature. However,
the orientational ordering of DOPC molecules seems to be distributed uniformly
across all the values corresponding to the gel and fluid phase at 285 and 295 K.
Hence, DOPC molecules are observed in both gel and fluid phases.
The C2A and C2B beads (see figure 5.1 for the labelling of CG beads)
which are present in both DOPC and DPPC lipids in the middle of the hy-
drocarbon chains were selected to compute the RDFs. As seen in figure 5.12A
(xDOPC = 0.05), we find an abrupt loss of long range ordering between 285 K and
295 K, which is connected to the So → Ld phase transition. Bilayers with higher
DOPC content (xDOPC ≥ 0.05, see figure 5.12B-E) also feature a sudden loss of
long ranged ordering at all temperatures, which is indicative of the Ld phase.
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Figure 5.9: Probability of the average chain order parameter in pure DPPC
bilayers(A) (black-solid:gel phase; red-dashed:fluid) and in pure DOPC bilayers
(fluid phase).
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Figure 5.10: Probability of the average chain order parameter of DPPC (A) and
DOPC(B) in the bilayers where xDOPC = 0.05.
The snapshots of monolayers obtained from the Voronoi construction do also
provide information on the lipid chain lateral packing. With 5% of DOPC em-
bedded in one monolayer, a loss of hexagonal order for both leaflets is seen as
the temperature was increased (see figure 5.13 A-D). DOPC molecules pack well
within the bilayer and the hexagonal packing remains undisturbed at low tem-
perature (285 K). These observations reflect the loss of translational symmetry
upon an increase of the temperature. In contrast, at higher concentrations of
DOPC, the bilayer features is poor hexagonal ordering at all temperatures (see
figure 5.13E-H), which is compatible with the absence of a gel phase at these
temperatures.
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Figure 5.11: Probability of the average chain order parameter of DPPC(A) and
DOPC(B) in DPPC/DOPC bilayers with xDOPC = 0.25.
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Figure 5.12: RDFs of the central beads (C2A and C2B) of each phospholipid
chain. From bottom to top, 285 K, 295 K, 305 K, 315 K and 325 K at xDOPC =
0.05 (A), xDOPC = 0.125 (B), xDOPC = 0.25 (C),xDOPC = 0.5 (D).The RDFs have
been shifted by 0.3 units vertically for better clarity.
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Top monolayer Bottom monolayer
(A) (B)
(C) (D)
(E) (F)
(G) (H)
Figure 5.13: Snapshots with the same number denotation represent the corre-
sponding Voronoi construction plots for half of bilayer at 285K (A-B and E-F)
and 323K (C-D and G-H) with xDOPC = 0.05 (A-D) and xDOPC = 0.25 (E-H).
The beads employed for the Voronoi construction C2A and C2B are represented
by black dots, the corresponding polyhedra of DPPC and DOPC are coloured
blue and green respectively.
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5.3.2.1 Lipid dynamics of asymmetric DPPC/DOPC bilayers
The dynamic properties of the lipids within the mixture bilayer can also reveal the
effect of DOPC addition. The lateral diffusion coefficients of DPPC and DOPC
are computed from the mean square displacement (MSD) (see figures 5.14 and
5.15) and numerical results are reported in Tables 5.4 and 5.5. The resulting
diffusion coefficients are comparable with those reported in experiments of lipids
in the Ld phase [29], of the order of 10
−7cm2s−1. We note that the lateral diffu-
sion coefficients fluctuate only slightly with the composition of DOPC at a given
temperature, and DPPC phospholipids are found to diffuse slightly more rapidly
than DOPC due to the large head-group area of the latter.
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Figure 5.14: Lateral mean square displacement (MSD) of the DPPC (A) and
DOPC (B) molecules in DPPC/DOPC bilayers as a function of temperature at
xDOPC = 0.05, from bottom to top 285 K, 295 K, 305 K, 315 K and 325 K. Dashed
lines represent the expected behavior of the MSDs in the diffusive regime.
Table 5.4: Lateral diffusion coefficient of DPPC, DDPPC/10
−7cm2s−1. The hyphen
“−” represents systems for which diffusive behaviour was not reached in our
simulation time scale.
xDOPC 285 295K 305K 315K 325K
0 − − − 7.81 9.28
0.05 − − 5.43 7.88 9.19
0.125 3.41 4.54 6.72 7.81 9.07
0.25 3.54 4.78 6.21 7.96 9.05
0.5 3.92 4.48 4.95 7.70 9.87
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Figure 5.15: Temperature dependence of the MSD of DPPC (A) and DOPC (C)
at xDOPC = 0.5, from bottom to top 285 K, 295 K, 305 K, 315 K and 325 K.
Dashed lines represent the expected behavior of the MSDs in the diffusive regime.
Table 5.5: Lateral diffusion coefficient of DOPC, DDOPC/10
−7cm2s−1. The hy-
phen “−” represents systems for which diffusive behaviour was not reached in
our simulation time scale.
xDOPC 285 295K 305K 315K 325K
0.05 − − 4.86 7.44 7.41
0.125 3.30 3.59 6.24 6.76 8.74
0.25 2.96 3.91 4.98 6.84 8.25
0.5 2.62 3.51 4.48 6.00 7.18
1 2.93 3.88 5.00 6.62 8.94
The overall conclusions that can be drawn by combining the information given
from the parameters reported above, is that the addition of DOPC to one mono-
layer is enough to inhibit the first order So → Ld melting transition and the
transition temperature. For xDOPC = 0.05, the melting temperature is reduced to
∼ 300 K. We did not observe a transition for bilayers containing more than 5%
DOPC, where DPPC/DOPC binary mixture bilayers feature only a pure fluid
phase between 285 and 325 K. This is in disagreement with the general demixing
theory of phospholipids and previous experimental results [16, 17, 14], where clear
gel/fluid coexistence should be observed over a broad range of temperatures and
compositions. Further investigation is required to examine the applicability of
MARTINI CG models to reproduce the phase behaviour of DPPC/DOPC bilay-
ers.
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5.3.3 Self-assembled DPPC/DOPC bilayer at xDOPC = 0.5
A self-assembled DPPC/DOPC bilayer was constructed to investigate the effect
of bilayer heterogeneity on its phase behaviour (see figure 5.19). The initial con-
figuration was obtained by mixing the gel phase DPPC and fluid phase DOPC
molecules freely in order to minimise the time-scale for the possible gel phase
formation.
This self-assembled bilayer behaves in a similar way to the asymmetric bilayer
Figure 5.16: Self-assembled equi-molar DPPC/DOPC bilayer, xDOPC = 0.5. or-
ange:DPPC, green:DOPC, blue:choline group, red:phosphate group, yellow: glyc-
erol ester group, water molecules were removed for clarity.
(one pure DOPC monolayer and one pure DPPC monolayer) at xDOPC = 0.5.
The area per DPPC and DOPC increases gradually upon increasing the temper-
ature (see figure 5.17B), but no discontinuity can be seen. The area per lipid
approaches to the same value compared with the asymmetric bilayer. The 2D
RDFs plotted in figure 5.17A reveal the loss of the long range ordering.
The disordering in the hydrocarbon tails was quantified from the values of Schain.
Like in the asymmetric bilayer at the same composition, only single peaks are
observed when analysing the probability distribution of all the molecules across
the whole bilayer (see figure 5.18). Therefore, there is no indication of phase
coexistence.
Since there is hardly any difference in the structural parameters between the
asymmetric and self-assembled DPPC/DOPC bilayers (see figures 5.18 and 5.17),
we can conclude that the two monolayers within the DPPC/DOPC bilayer couple
strongly. From the results reported above, we can conclude that self-assembled
DPPC/DOPC bilayers at xDOPC = 0.5 exhibits only a fluid phase in the temper-
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Figure 5.17: RDFs of the central beads (C2A and C2B) of self-assembly bilayers
at xDOPC = 0.5 (A), from bottom to top, 285 K, 295 K, 305 K, 315 K and 325 K .
The RDFs have been shifted by 0.2 units vertically for better clarity. Comparison
of area per lipid between self-assembly and asymmetric bilayers (B).
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Figure 5.18: Probability of the average chain order parameter of DPPC in
DPPC/DOPC bilayers with xDOPC = 0.5 in asymmetric bilayer(A) and self-
assembly bilayer(B)
ature range from 285 K to 325 K. Overall, no evidence of phase coexistence was
found for the self-assembled bilayers.
5.3.4 Phase behaviour of symmetric DPPC/DOPC bilay-
ers
A further investigation was made with symmetric DPPC/DOPC bilayers, which
were obtained by merging gel phase DPPC and fluid phase DOPC configuration
150
5. Phase transition in DPPC/DOPC bilayers
Figure 5.19: An example of symmetric equi-molar DPPC/DOPC bilayer,
xDOPC = 0.5. orange:DPPC, green:DOPC, blue:choline group, red:phosphate
group, yellow: glycerol ester group, water molecules were removed for clarity.
side by side. Such a method of configuration construction has been applied in a
united-atom simulation study for accurate main phase transition temperature de-
termination and can minimize the effect of slow kinetics of the gel-transition [30].
The gel phase DPPC bilayer can also provide a nucleation site which can initiate
gel formation within the binary mixture.
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Figure 5.20: Evolution of the cross-sectional area of the simulation box (A) and
potential energy (B) with xDOPC = 0.5, from bottom to top :285 K, 295 K, 305 K,
315 K and 325 K.
The equilibration process was monitored by checking the cross-sectional area
of the simulation box and potential energy of the system (see figure 5.20). The
bilayer system at 295 K reaches its thermodynamically stable state after ≈ 400 ns
with a clear jump seen in cross-sectional area and the potential energy of the sys-
tem, which indicates a possible phase change at this point. More information of
the change in structural properties is given below.
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5.3.4.1 So → Ld transition and domain formation
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Figure 5.21: Area per DPPC (A) and DOPC (B) across temperature with dif-
ferent compositions of DOPC. Average chain order parameter of DPPC (C) and
DOPC (D) molecules versus temperature for different concentrations of DOPC.
Figures 5.21A-B show the area per DPPC and DOPC computed separately
using the Voronoi tessellation method. Unlike in the asymmetric bilayer cases,
clear jumps in the aDPPC(xDOPC) and aDOPC(xDOPC) were still observed at high
DOPC concentrations (xDOPC=0.5), which can be attributed to the So → Ld
transition. The ‘turning point’ in area per lipid is shifted to 10 K lower with
xDOPC = 0.125 and 0.25, and 20 K lower with xDOPC=0.5 comparing with pure
DPPC bilayer (see figure 5.21A). As the Tm of DPPC differs from that of DOPC,
the melting temperature of the DPPC/DOPC mixture should fall in the range
between Tm(DPPC) and Tm(DOPC). A similar trend is present in the variation
of aDOPC(xDOPC) with temperature, apart from the case of xDOPC=0.25 where
the discontinuity is less obvious and broader. Differences can still be observed
between the results seen from pure DOPC bilayers where aDOPC(xDOPC) varies
linearly.
152
5. Phase transition in DPPC/DOPC bilayers
(A)
0 0.2 0.4 0.6 0.8 1
S
chain
0
0.1
0.2
0.3
0.4
0.5
P
DPPC
DOPC
(B)
0 0.2 0.4 0.6 0.8 1
S
chain
0
0.1
0.2
0.3
0.4
P
DPPC
DOPC
(C)
0 0.2 0.4 0.6 0.8 1
S
chain
0
0.1
0.2
0.3
0.4
P
DPPC
DOPC
(D)
0 0.2 0.4 0.6 0.8 1
S
chain
0
0.05
0.1
0.15
0.2
0.25
P
DOPC
DPPC
Figure 5.22: Probability distribution Schain for all the lipids within the bilayer
that xDOPC = 0.25 at 285 K (A), 295 K (B), 305 K (C) and that xDOPC = 0.5
at 285K (D). DPPC: dashed red line; DOPC: solid black line.
Plots of Schain versus temperature at different compositions (see figures 5.21C-
D) mirror what we have seen with the area per lipid change. A clear drop in
Schain(DPPC) reveals that the acyl chains have melted, and clear gel-fluid phase
transitions can be seen in the range from 285 K to 305 K for all binary mixtures
(see figure 5.21C). The higher values of Schain(DOPC) at low temperatures (≤
295 K) with low concentrations of DOPC (xDOPC ≤ 0.25) suggest an increased
degree of orientational ordering (see figure 5.21D). The intermediate values of
Schain lead to the possibility of gel/fluid phase coexistence, which can be con-
firmed by considering the probability distribution of Schain over all the lipids
from the bilayer. Figures 5.22A& B& D show that most of the DPPC molecules
retain a high degree of ordering as in the gel phase (Schain ≈ 0.8) while a small
number of DPPC molecules melt, forming the fluid phase (Schain ≈ 0.4) at low
153
5. Phase transition in DPPC/DOPC bilayers
temperatures (≤ 295 K). In contrast, DOPC remains in the fluid phase (Schain ≈
0.3). The single peak distributions of DPPC and DOPC in figure 5.22C prove
the absence of gel domains.
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Figure 5.23: 2D RDFs calculated using the middle beads (C2A and C2B) from
DPPC and DOPC acyl chains at xDOPC = 0.125 (A1), xDOPC = 0.25 (A2),
xDOPC = 0.5 (A3). From bottom to top: 285 K, 295 K, 305 K, 315 K, 325 K.
RDFs have been shifted vertically by 0.3 units for better clarity. Snapshots
with the same letter denotation (A/B/C) represent the corresponding Voronoi
construction plots for half of bilayer at 285K (B1-3) and 325K (C1-3). The beads
employed for the Voronoi construction C2A and C2B are represented by black
dots, the corresponding polyhedra of DPPC and DOPC are coloured blue and
green respectively.
The loss of long range oscillatory order in the 2D radial distribution func-
tions (see Figure 5.23A) characterises the absence of translational ordering due
to the So → Ld phase transition as the temperature increases from 295 K to 305 K
(xDOPC ≤ 0.25), or from 285 K to 295 K (xDOPC = 0.5). However, bilayers at low
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temperatures feature liquid-like behaviours in the RDFs which is longer ranged
than the ones observed in the Ld phase, but weaker in the intensity of peaks than
those of gel phase (see figure 5.24A). Voronoi constructions performed on mono-
layers are consistent with the existence of phase coexistence. At low temperatures
(see figure 5.23B), a clear hexagonal packing is seen in some regions of the bilayer,
whereas part of the bilayer appears disordered. There is evidence for the pres-
ence of lipids in both gel and fluid phases. In contrast, the Voronoi construction
reveals a lack of hexagonal order at high temperature, which is compatible with
the Ld phase behaviour. The RDFs shown in figure 5.24B also reveal that no
major differences can be observed between the DPPC/DOPC bilayers and fluid
phase DPPC bilayers at high temperature.
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Figure 5.24: RDFs of the central beads (C2A and C2B) in the phospholipid
chains. From bottom to top, xDOPC = 0, 0.125, 0.25, 0.5 at 285 K (A) and 315 K
(B). The RDF’s have been shifted by 0.3 units vertically for better clarity.
Our results for the lipid diffusion coefficient show the influence of the lipid
mole fraction in difference phases (see table 5.6). The behaviour of the diffusivity
is compatible with previous structural analyses. Diffusive behaviour cannot be
observed within our simulation time when a large fraction of lipids are in the gel
phase. Overall, it is clear that the addition of DOPC tends to lower the tran-
sition temperature of So → Ld compared to pure DPPC. Moreover, a gel/fluid
mixture is identified across the temperature range 285 K to 295 K. Hence, we
suggest a phase transition from the So/Ld coexisting phase to the Ld phase for
DPPC/DOPC bilayers where 0.5 ≥ xDOPC ≥ 0.25.
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Table 5.6: Properties of lipid bilayers with phase coexistence. Co is lipid con-
centration in the ordered phase. Lipids are grouped according to their chain
order parameter, that is ordered lipids are classified with Schain values greater
than 0.6. DDPPC/10
−7cm2s−1 is the lateral diffusion coefficient of DPPC. The
hyphen “−” represents systems for which diffusive behaviour was not reached in
our simulation time scale.
xDOPC T/K phase Co DDPPC/10
−7cm2s−1
0.125 285 So/Ld 0.85 −
0.125 295 So/Ld 0.82 −
0.125 305 Ld 3.38
0.125 315 Ld 8.01
0.125 325 Ld 8.98
0.25 285 So/Ld 0.69 −
0.25 295 So/Ld 0.60 −
0.25 305 Ld 5.85
0.25 315 Ld 6.95
0.25 325 Ld 8.85
0.5 285 So/Ld 0.35 0.39
0.5 295 Ld 3.59
0.5 305 Ld 5.62
0.5 315 Ld 7.29
0.5 325 Ld 8.79
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5.3.4.2 Exploring the So/Ld coexistence regions
As noted in the introduction, DPPC/DOPC bilayers should exist with clear
gel/fluid phase coexistence, which was confirmed in our study. To explore the
coexistence region and determine the limits of lipid mole fractions forming the
pure gel/fluid phases, we analysed the local molar fraction of DOPC using the
method described in chapter 3.
The analysis of the phase boundaries was performed on systems that were con-
firmed by both structural and dynamic studies to exhibit phase coexistence. The
local concentration was computed from both monolayers independently. The co-
ordinates of the C2 beads from both lipids were projected onto the xy plane
which was then divided into a 3 × 3 square grid. The molar fraction of DOPC
within each grid was calculated and averaged over 900 ns with ∼ 1000 configura-
tions. Histograms of molar fractions were then used to compute the probability
of finding a particular concentration of DOPC in the bilayer plane. A bi-normal
distribution is expected for bilayers under coexistence conditions, where both
DOPC-poor (gel) and DOPC-rich (fluid) regions exist.
Two distinctive peaks are observed in figure 5.25A appearing at xDOPC ≈ 0.2
and ≈ 0.8. The phase boundaries for So and Ld coexistence are indicated. The
histograms feature three peaks in figure 5.25B, including a very intense one at
zero. This may be due to the extremely slow dynamics of the lipid molecules.
Therefore, the lipid molecules cannot diffuse much within the simulation time
and many of the grids remain DOPC-free or DPPC-free. One possible solution is
to start with a uniformly distributed DPPC/DOPC mixture rather than having
only single lipids on each side. The other two maxima were found at xDOPC ∼0.17
and xDOPC ∼0.68. These results are compatible with So/Lo coexistence as seen
from their Voronoi constructions, and we will use them below to construct the
phase diagram of the DPPC:DOPC:water mixture. Above 303 K, the interface
between gel and fluid phases quickly disappeared and an almost homogeneous
distribution of DOPC was found (see figure 5.25C).
A DPPC/DOPC temperature-composition phase diagram (see figure 5.26) was
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(A) (B)
(C)
Figure 5.25: Histograms of DOPC concentration obtained with xDOPC = 0.5 at
285 K (A), xDOPC = 0.25 at 295 K (B) and xDOPC = 0.25 at 305 K (C). Insets:
Voronoi constructions of the corresponding monolayers. Beads in the ordered or
disordered phases as defined by Rcut and nearest neighbours (more details are
given in chapter 2) are coloured in blue and magenta for DPPC, yellow and green
for DOPC respectively.
construed using the observations and data reported above, including structural,
dynamic, and examination of representative snapshots. We are aware of the cur-
rent limitations of simulation models and methods, which lead to restrictions in
the precision of tie-lines. Consequently, uncertainties in the coexistences lines
have been included. A broad range of So/Lo coexistence is shown in the pro-
posed phase diagram below the pure DPPC bilayer melting temperature. With
increasing amount of DOPC, Ld behaviour starts to dominate. Good agreement
is found by comparing the proposed phase diagram with previous theoretical (see
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figure 5.27) [17] and experimental studies [14].
Figure 5.26: DPPC/DOPC phase diagram proposed in this work. The So/Ld
coexistence lines were estimated from the analysis of the DOPC concentration
histograms, and the So/Ld transition is based on the analysis of the structural
parameters of DPPC. The grey areas give an indication of the estimated uncer-
tainties in the coexistence lines.
Figure 5.27: A calculated phase digram derived from a molecular model of
DPPC/DOPC bilayer which is solved with self-consistent field theory [17].
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5.4 Conclusions
In this chapter a comprehensive investigation of the phase behaviour of fully hy-
drated DPPC/mono-unsaturated DOPC mixtures is described. Several order pa-
rameters were reported to give insight into the phase behaviour of DPPC/DOPC
mixtures.
Results from the studies on asymmetric and self-assembled bilayers reveal that
pure fluid phase bilayers were observed with more than 5% DOPC embedded and
gel domains did not form spontaneously. Similar problems have been reported by
Baoukina et.al [9] with the application of the MARTINI force-field. This may be
related to the original MARTINI parametrization, which was devised to target
the properties of the fluid phase. Consequently, a nucleation site is essential for
the studies of gel phase behaviour with restricted simulation time.
Good agreement is found with previous observations from experiments and sim-
ulations for symmetric bilayers with a gel-fluid boundary region. The So → Ld
phase transition upon increasing the concentration of DOPC was successfully re-
produced by the MARTINI model. The So/Ld phase coexistence was observed
below Tm(DPPC) for a wide range of DOPC composition. A small number of
DOPC molecules (xDOPC ≤ 0.125) was found to have little impact on the struc-
ture of gel phase DPPC. At high concentrations (xDOPC ≥ 0.25), DOPC starts
to disrupt the regular packing of DPPC and the fluid phase domain grows. No
phase change was observed above the melting temperature of pure DPPC. The
tie-lines of So/Ld phase coexistence were explored and reported, but we cannot
discount at this point the formation of long lived metastable domains. Greater
simulation time is required to extend the study with greater sampling of the lipid
dynamics. Overall, our DPPC/DOPC phase diagram provides clear insights into
the binary mixture phase behaviour.
Summary:
• Examined the influence of unsaturated phospholipids DOPC on saturated
phospholipid DPPC bilayers using MARTINI force-field CG-MD simula-
tions.
• Understood the structural and dynamic properties of symmetric, asymmet-
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ric and self-assembled DPPC/DOPC bilayers quantitatively.
• Investigated the effect of membrane heterogeneity on phase behaviour of
DPPC/DOPC mixture bilayers.
• Explored the possible phase coexistences of the mixture bilayers.
• Proposed a temperature-composition DPPC/DOPC phase diagram.
Future work:
• Longer simulations to reduce the uncertainties of So/Ld tie-lines in the
proposed phase diagram.
• Construction of the asymmetric DPPC/DOPC bilayers with different num-
ber of lipids in each monolayer, in order to retain the ordered structure of
DPPC lipids.
• Discussion on the possible more accurate methods of investigating phase
coexistences.
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Chapter 6
Conclusions
In this PhD thesis, I have presented a simulation study of a coarse-grained model
consisting of DPPC and other lipid components. I employed the MARTINI
coarse-grained force-field to simulate mesoscopic systems consisting of several
thousand phospholipids and covering timescales of tens of microseconds. The
biological functions of cell membranes are strongly related to the thermodynamic
state of the membranes, and for this reason my discussion has been restricted
mainly to the investigation of phase transitions. Moreover, since phosphocholine
is the predominant phospholipid in most mammalian membranes (> 50%), the
focus of my work has been primarily on the bilayers containing saturated 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and mixtures with cholesterol
or unsaturated 1,2-dioleoyol-sn-glycero-3-phosphocholine (DOPC).
6.1 DPPC/cholesterol bilayer
In a first stage, I investigated the validity of MARTINI CG model with simple
DPPC bilayers to predict the gel-fluid phase transition temperature through a
few structural parameters.
The first conclusion is that the study of gel-fluid melting temperature (305 −
315 K) reveals a good agreement with previous experimental (≈ 314.2 K) and
simulation studies generally. However, the MARTINI coarse-grained (CG) model
predicts a main transition temperature (295 − 315 K) that is lower than the
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experimental ones. Overall, the simulation results of structural and dynamic pa-
rameters are in a good agreement with those reported experimentally.
In a second stage, we have introduced a model of DPPC and cholesterol to study
the effect of cholesterol on the bilayer structure. In this model, cholesterol is
represented by a bulky hydrophobic core, a small hydrophilic head, and a short
hydrophobic tail. The reduced degree of coarse graining of cholesterol compared
to the phospholipids allows the MARTINI cholesterol molecule to keep its ring
geometry.
Our DPPC/cholesterol bilayer model agrees well with experimental data on struc-
tural and dynamic properties of the bilayer, as well as with all-atom simulation
results. The addition of cholesterol to DPPC bilayers has been proposed to
lead to the formation of the liquid ordered (Lo) phase where the movement of
lipid tails is restricted by cholesterol molecules. We also find that cholesterol
destabilises the DPPC gel phase and stabilises the liquid ordered phase. The
addition of cholesterol, upto 30 mol%, is found to have little impact on the melt-
ing temperature of the gel-fluid transition. At high temperatures the bilayer
can accommodate up to 50 mol% of cholesterol without significantly disrupt-
ing its structure. We observe a triple point at xchol ≈ 0.3 which signals the
formation of the liquid ordered (Lo) phase. Only an Lo phase is observed at
high concentrations of cholesterol (xchol > 0.5) within the temperature range
of our study, 283 < T < 323 K. These observations agree with the results of
many experimentally studied DPPC/cholesterol bilayers. The main result of the
DPPC/cholesterol bilayer study is the temperature-composition phase diagram.
Our results support So/Lo coexistence but not Ld/Lo coexistence. We have per-
formed an analysis to examine the latter transition that has been reported in
some experimental and simulated works. However, a second order transition sce-
nario seems to be the most likely for the Ld/Lo transition within the MARTINI
model. Notwithstanding the limited time scale and the simplicity of the MAR-
TINI model, our proposed phase digram provides insight into the phase behaviour
of DPPC/cholesterol bilayers and gives a wealth of information on the molecular
organisation of the molecules at different phases.
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6.2 Modified MARTINI cholesterol model
In a third stage, I further investigated in detail some interesting features of MAR-
TINI CG cholesterol molecules observed in chapter 3. The size of original MAR-
TINI CG beads was either increased or decreased by 15%. These two modified
CG cholesterol types were simulated in a bilayer together with DPPC to inves-
tigate the induced specific spatial order and influence on the So → Ld phase
transition. The study of modified CG cholesterols is of great interest since the
structural organization of the cholesterol molecules in the Lo phase shows very
interesting features. The strong mismatch in cross-sectional area between choles-
terol and phospholipid is thought to disrupt the lateral packing within the bilayer.
Therefore, the simulation of DPPC with different sized cholesterol models is of
particular interest. Several papers suggest that the formation of ‘thread-like’
linear cluster is due to the asymmetric planar structure of cholesterol molecules
where two off-plane methyl groups are attached to one side of its tetracyclic
ring system. Being one of many artefacts of the MARTINI CG model, whereby
the asymmetric planar structure of cholesterol is not parametrised. Preliminary
simulations of CG DPPC/cholesterol-like sterols a show strong relation between
lateral packing and cholesterol size.
We find in our simulations that the linear cluster pattern disappears in the simu-
lations using CG cholesterol beads that are bigger than standard MARTINI ones
by 15 % (namely CHO1). The enlarged cholesterol (CHO1) packs less effectively
with DPPC acyl chains. In addition, CHO1 is found to position itself closer to
the bilayer core and appear to tilt more at the bilayer/water interface. A second
order continuous Lo → Ld transition is observed with enlarged cholesterol such
as CHO1. In contrast, the lipids are packed more closely and the water-sterol
contacts are also reduced by decreasing the cholesterol bead size to 85% of the
original CG bead (namely CHO2). CHO2 appears to locate closer to itself than
to DPPC, allowing optimal packing. The gel phase bilayer with CHO2 is found
to be stable from 283 K to 323 K. The observations on the interactions between
DPPC and CHO1 or CHO2 suggest that these modified sterol-like molecules act
in a similar way to naturally occurred lanosterol and ergosterol in the phase tran-
sitions.
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6.3 DPPC/DOPC bilayer
In the final stage, I explored the effects of mixing unsaturated lipid with saturated
DPPC lipids on the phase behaviour of the bilayer. DOPC was selected as the
other components in the bilayers since it is one of the most typical cell membrane
lipids. We constructed the mixture bilayers by three methods, namely:
• asymmetric bilayer was constructed with a pure DPPC monolayer and a
mixed DPPC/DOPC monolayer in a fluid phase to study the effect of bilayer
heterogeneity which is a common feature of all eukaryotic membranes.
• self-assembled bilayer was obtained using configurations from low tem-
perature simulations which were obtained by simulating randomly placed
lipids molecules freely,
• symmetric bilayer was built by ‘sticking’ a gel phase DPPC bilayer and
a fluid phase DOPC bilayer side by side.
From the simulations of asymmetric bilayers, the So → Ld phase transition was
not observed with the addition of more than 5 mol% DOPC. Instead, bilayers
with more than 5 mol% DOPC embedded were found to exhibit in a pure fluid
phase between 283 K and 323 K. Self-assembled bilayers were found to behave in
the same way as the asymmetric bilayers, and a strong coupling between two the
monolayers was found. Differently, a clear phase transition from ordered to disor-
dered phase can still be observed from the simulations of the symmetric bilayers
at high DOPC concentrations (xDOPC = 0.5). Unsaturated lipids such as DOPC
are known to have a much lower transition temperature than the saturated lipid
DPPC. The addition of DOPC to a DPPC bilayer has been found to lower the
phase transition temperature. We also find that So/Ld coexistence occurs over a
wide range of DOPC compositions and temperatures by checking the quantitative
results and visual observations. This conclusion supports the data reported by
previous experimental and theoretical works. A temperature-composition phase
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diagram showing the So/Ld coexistence was proposed based on the simulation
results of the symmetric bilayers.
6.4 Limitations
This work also illustrates some of the limitations associated with the use of the
MARTINI coarse-grained model on phospholipid membrane simulations. In gen-
eral the MARTINI model allows long simulation times and larger system sizes,
but is still subjected to the highly coarse grained structures of the molecules, and
the MARTINI force-field is parametrised to reproduce the properties of the liquid
phase but not the solid phase. For instance, we observed the formation of linear
clusters at high cholesterol concentrations (xchol ≥ 0.4) which is not supported
by atomistic simulations. Despite these limitations, the MARTINI coarse-grained
model is a powerful model that can be used to study the phase behaviour of lipid
membranes. With fast and simple simulations better understanding of phase
transitions can be obtained on the biological membranes. Our results show that
the MARTINI model can capture quantitatively the effects of lipids on phase
transitions, and can predict structural parameters in good agreement with exper-
imental observations.
6.5 Future work
This thesis up to now suggests a few possible extensions.
1. First of all, the simulations on exploring the phase coexistence regions gives
an idea of phase boundaries, but more extensive computations, are needed
to ensure sufficient sampling of the lipid dynamics. Metastable domains can
be long lived due to the very slow dynamics of lipids. As noted in Chapters
3 and 5, this gives rise to uncertainties in proposed results: the tie-lines
shown in phase diagrams are given with quite big error bars. The obvious
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solution to this would be to extend the simulation study to a microscopic
system size over a simulation time of the order of 100 µs. However, this
requires extensive computational power. To keep computational costs low,
a possible solution could be improving the current method used to inves-
tigate the lipid domains. Instead of splitting the bilayer into a few square
grids, the phase boundaries could be defined more precisely according to
the differences of order parameters in different phases.
2. Apart from the structural and dynamic properties of lipid bilayers I re-
ported in this thesis, there are quite a few other macroscopic properties,
such as heat capacity, compressibility and bending moduli, can be investi-
gated. Compressibility and bending moduli will provide understandings of
the mechanical properties of the bilayers simulated. Such investigations on
Lo phase lipid bilayers are of my interest for future work especially.
3. I should also mention some of the issues in reproducing membrane hetero-
geneity. I noted at the end of Chapter 5 that many open questions remained
on the matter. The ordered structure of lipids in the initial asymmetric bi-
layers melt immediately. Therefore, there is no chance to investigate the
melting process by adding low melting temperature lipids to high melting
temperature bilayers with the effect of membrane heterogeneity. Additional
work should therefore be undertaken to study the asymmetric bilayers with
different number of lipids, so that the ordered structure of lipids in the ini-
tial configuration can retain.
4. Amongst other possible future objectives is the back-mapping to atomistic
models from the coarse-grained ones studied in this thesis. MARTINI CG
force-field allows us to extend the simulation scale extensively. However,
the detailed structures of lipids are lack of understanding and some proper-
ties can not be compared with experiments directly. After applying back-
mapping from pre-equilibrated bilayers under CG force-field, the atomistic
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bilayers that are unachievable from direct simulations can be obtained and
are readily to use for further investigations.
5. We have performed extensive investigations of phase transitions of binary
mixtures. My results provide insights into the general phase transition
and phase coexistence features. However, real biological systems contain
thousands of components including a wide variety of lipids and proteins.
Future work in the simulation of ternary or quaternary mixtures is there-
fore needed. Beyond the common lipids, bilayers containing proteins are
also of great interest. Once the study of ternary or quaternary systems is
completed and better understood, it can be used for extensive investigations
of lipid-protein interactions and functions in bio-membranes.
6. Currently, the bilayers simulated in this work were pre-assembled into lamel-
lar phases. However, depending on the combination of various factors,
non-lamellar structure can exist. As a function of water content and tem-
perature, different aggregates structures can form, such as micelle, tubular
and bilayer. It would also be interesting to investigate non-lamellar phases
self-assembled from different lipid compositions.
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